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ABSTRACT 
We have evaluated the meson spectrum using a relativistic model based on reductions of Bethe-
Salpeter equation. We included one gluon exchange from Quantum Chromodynamics (QCD) and 
phenomenological confinement in the interaction kernel. We used an ansatz for the running of the 
coupling constant with the meson masses. We fitted more than forty states ranging from a hundred .MeV 
to a few GeV using seven parameters, with root mean square deviation from e.xperimental data of lO-oO 
.VIeV. This establishes our successful QCD-based model for many applications which we investigate. 
We employed our model to e.xamine the strong interaction medium effects on meson properties. We 
have evaluated the masses of specific mesons as the confinement strength is weakened by the medium. 
VV'e have shown how these effects may be observed experimentally in specific examples. Wo liave 
shown how charmonium and o meson hadronic decay channels may be closed, and leptonic yield may 
be enhanced. We demonstrated how radiative decays of charmonium states may also be useful for 
investigating our predicted in-medium effects. 
We next applied our model to investigate B meson decays. We showed the consistency of our model 
with the heavy quark symmetry, which enabled us to calculate the Isgur-Wise function and extract 
the Cabibbo-Kobayashi-.VIaskawa (CKM) mixing matri.x element from recent experiments. We 
have evaluated the leptonic decay constants, semileptonic decay form factors and used factorization to 
calculate the nonleptonic decays of B mesons. 
Looking forward to future experiments which will investigate domains within and beyond the stan­
dard model, we have applied chiral perturbation theory (\PT) to evaluate hyperon nonleptonic decays. 
We invoked the heavy baryon formalism and included the decuplet baryon contribution. We have ob­
tained the A/ = 1/2 octet amplitudes and the A/ = 3/2 27-plet amplitudes to one loop. We discussed 
the convergence of \PT amplitudes for both the S-wave and the P-wave for hyperon decays. 
We have evaluated CP violation in B decays from a certain anomalous /6tr coupling appearing in 
many versions of models which go beyond the standard model. The effect of this anomalous interaction 
may be large enough to be seen experimentally in B factories. This may help us in the search for physics 
beyond the standard model. 
I 
INTRODUCTION 
Ai present, it is widely believed that we have a successful theory, "the standard model", which can 
describe particles and their interactions down to lO""' m or. in energy units, up to a few hundred GeV 
[1]. The fermion degrees of freedom in the standard model are quarks and leptons and the interactions 
are mediated by gauge bosons ( gluons. photons. VV. and Z). and the putative Higgs boson. Gluons are 
the gauge bosons of Quantum Chromodynamics (QCD). and photons. iV. and Z are the gauge bosons 
of Electro-Weak (EVV) interactions. These fermions appear in the standard model with associated mass 
and mixing parameters. The gauge interactions also have their own strength parameters. These various 
parameters are not predicted by the standard model but are measured experimentally. .Vttempts to 
relate these parameters and reduce their number are widely investigated in the context of "physics 
beyond the standard model". Within the standard model one hopes to be able to understand a wide 
array of physical processes. 
One of the most intriguing facts is that, the physical spectrum of the standard model does not 
include quarks or gluons. i.e. they do not appear as asymptotic states. Due to a phenomenon of QCD 
known as asymptotic freedom, the interaction of quarks and gluons becomes weak at short distances 
and strong at large distances. Quarks and gluons are believed to be permanently confined inside the 
physical composite particles of QCD. mesons and baryons, collectively known as hadrons. 
For small coupling, which is the case in EW interactions, one can perform perturbative calculations, 
through which impressive agreement has been achieved with experiment. For strong coupling, which is 
the case in QCD at large distances, perturbation theory fails, and one has to rely on other methods. 
Calculations on a space-time lattice with a Lagrangian formalism provide one of the methods used 
to study strong coupling physics. However one may want to have a more intuitive picture of the link 
between quarks and gluons on one hand and hadrons on the other hand. Phenomenological models have 
been developed to provide such a picture. These models are constructed to mimic features of QCD. 
They include potential models, bag models, and QCD sum rules. Ref. [L] provides an introduction to 
these models. 
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Just as the Dirac equation provides a relativistic description of a fermion in an external field, 
the Bethe-Salpeter Equation (BSE) [2] provides an appealing starting point to describe hadrons as 
relativistic bound states of quarks and gluons [3]. The BSE has three elements, the interaction kernel 
and the propagator we input and the amplitude, which we solve for. Bound states represent poles in 
the scattering matrix in the channel in which they appear. These poles are generated by an infinite sum 
of Feynman diagrams. Usually one would take a set composed of a few elementary diagrams for the 
interaction kernel and consider a "ladder" (and "cross ladder") approximation where the BSE iterates 
these diagrams to all orders in the coupling. 
The minimal Fock space for a meson would be the valence quark and anti-quark carrying the 
flavor quantum number of the corresponding meson. However, the covariance of the BSE introduces 
an extra relative time in the problem which is difficult to interpret physically. Different approaches 
have been developed to make the problem more tractable and physically appealing. These include 
the Instantaneous .-Approximation (lA) and Quasi-Potential Equations (QPE). Ref. [4] discusses these 
different appro.ximations. 
In the I.-V. the interaction kernel is taken to be independent of the relative energy. That is. the kernel 
depends only on the relative three momentum so covariance is lost at this level of the approximation. In 
QPE equations, the two particle propagator is modified in a way which keeps covariance and reduces the 
4-dimensional BSE to a 3-dimensional equation. There is some freedom in carrying out this reduction. 
Some early examples of QPE's used in different nuclear and particle physics applications may be found 
in Refs. [."5, 4, o]. 
Eyre and Vary [6] introduced methods to include confinement in the interaction kernel in a nonrel-
ativistic problem in momentum space. Spence and Vary [7] extended these methods to the relativistic 
problem of quarkonium without and with the inclusion of spin in the I.-V and in one of the QPE. the 
Blankenbecler-Sugar (BbS) reduction [8]. Sommerer. Spence. and Vary [9] investigated different re­
ductions as special cases of a general QPE written in terms of three parameters. They tested various 
reductions in applications to heavy quarkonium systems. 
In chapter 2 we use two of these QPE to study the meson spectrum including open fla%'or mesons. 
The interaction kernel includes one gluon e.xchange and a phenomenological confinement interaction. 
To mimic the running of the strong coupling constant, we used an ansatz which relates the running 
to the mass of the meson. Using seven parameters, we fit more than forty known meson states with 
mass ranging from a hundred MeV to a few GeV and obtain a root mean square (rms) deviation from 
experiment of 40-50 MeV. 
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VVe then turn our attention to tiie question of meson properties in a strong interaction ruedium. 
Similar to Debye screening in Quantum Electrodynamics (QED), where the Coulomb interaction is 
exponentially screened in a medium with the screening length decreasing with density, one can imagine 
that the strength of the long range confinement interaction would decrease in a medium. In a hot 
and/or dense medium quarks and gluons may become deconfined to form a quark giuon plasma (QGP). 
This predicted feature of QCD has motivated the ambitious experimental program of the Relativistic 
Heavy Ion Collider (RHIC). The hope is that by colliding heavy ions at high energies one may. for a very 
short time, create this medium (QGP). These experiments should help us understand the mechanism 
of confinement [10]. 
VVe expect that the leading effect of the medium will be on the long range confinement strength. 
However, the in-medium effects may not only change the confinement strength, but may also change 
the effective quark masses. The suppression of charmonium production due to screening is one of the 
expected signals for the formation of QGP. The o meson mass in the medium has been frequently 
studied using different approaches. 
VVe have examined some of these issues by varying the strength of the confinement interaction to 
s imula te  the  lead ing  in-medium ef fec t .  VVe have  shown how th i s  may af fec t  the  mass  of  o and  f  
and their hadronic decay channels. VVe demonstrated how enhancement of the leptonic decay channel 
of those mesons due to the closing of the dominant hadronic one may be a signal for the in-medium 
screening of confinement. 
In Chapter 3 we have used the model presented in chapter 2 to examine some of the decays which have 
attracted a great deal of attention. This will allow us to study not only the eigenvalues of the spectrum 
but also the eigenfunctions. These decays are the weak decays of B mesons, i.e. mesons containing a 
b-quark. The interest in B decays grew especially after the development of Heavy Quark Symmetry 
(HQS) and Heavy Quark Effective Theory (HQET) [I l], .-Vlthough the strength of the weak interaction 
is small and perturbative calculations would be justifiable, the problem is that the decaying b-quark 
is not a free quark but is in a bound stale with all its nonperturbative strong interaction complexity. 
Better understanding of the strong interaction responsible for the bound state would help us understand 
the weak decays. Similarly, understanding of the weak decays may help us better understand the strong 
interaction dynamics. 
The dynamics of heavy quarks are easier to understand than those of light quarks. Due to asymptotic 
freedom, the strong coupling decreases at high energies or short distances. Conversely, it becomes large 
at low energies of the order of the QCD scale: \QCD ~ 0.2 GeV: or large distances of the order of the 
•I 
hadronic length scale. Rhad ~ 1/AQCD ~ ^ fn i .  For a meson containing a heavy quark with mass niq  S> 
•^QCD- the e.vchanged gluons between the heavy quark and the light degrees of freedom, have energies 
of the order oi \QCD- These gluons cannot resolve the heavy quark confined to distances of the order 
of l/triQ <C 1/AQCD- SO. the gluons are blind to the flavor of the heavy quark. Spin interactions also 
are suppressed by l/mq. so the gluons are also blind to the spin of the heavy quark. Thus we have the 
flavor and spin symmetry of the heavy quark. 
Usually one can write the hadronic matri.v elements of the decay transitions in terms of form factors. 
Those form factors represent our knowledge of the bound state effects. HQS provides relations between 
those form factors in the infinite mass limit, and provides constraints at finite mass. These limits 
and constraints are model independent. Models may be tested against these limits and constraints to 
establish their reliability. 
We have used the wavefunctions from the model described in chapter 2 to calculate the Isgur-Wise 
(IW) function to which the semileptonic form factors in 6 to D and D' decays reduce under HQS. 
We also used the [W function to obtain the differential decay rate and to extract using various 
e.\perimental data sets, assuming the HQS limit. 
To study B decays in more details, we have evaluated all the semileptonic form factors of the B lo  D 
and D' transitions, taking into account perturbative effects. We have compared those form factors with 
the heavy quark expansion and extracted the relevant hadronic matrix element and showed that our 
model is consistent with the HQET. The small deviations found between our calculations and the the 
first order heavy quark expansion may be attributed to higher order effects which we include, since the 
QPE would automatically include heavy mass effects to all orders. We compared with the experimental 
differential decay rate using all the form factors, that is. without taking the HQS limit. 
Overall, using a few adjustable parameters such as the quark masses, strong coupling constant, 
and linear confinement strength, we obtain a good representation of the known data on mesons with 
heavy quarks. .Motivated by this successful phenomenology, we study the more challenging processes of 
nonleptonic decays of B mesons. In the semileptonic case we have one hadronic and one leptonic current. 
In the nonleptonic case, we have two hadronic currents. .Assuming the validity of the factorization 
approximation, the nonleptonic matrix elements reduce to the semileptonic matrix elements and the 
leptonic decay constants. Since we already have evaluated the semileptonic form factors a-s mentioned 
above, we now evaluate the decay constants. Using these two ingredients, we evaluate the nonleptonic 
branching ratios for different channels. The hadronic uncertainty in these complicated processes is 
greatly reduced by implementing the HQS. 
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In chapter 4. the symmetry arising from the other limit of quark mass, that is. the massless quark 
symmetry or chiral symmetry is used to study hyperon decays in Chiral Perturbation Theory (\PT). 
The approximate global chiral symmetry of the fundamental Lagrangian of QCD is the basis of an 
effective Lagrangian of the interactions of the low-lying physical states, the pseudoscalar mesons. These 
pseudoscalar mesons are viewed as the Goldstone bosons generated due to the spontaneous chiral 
symmetry breaking by the QCD vacuum. The quark mass e.xpHcitly breaks the chiral symmetry and 
generates the mass of the pseudoGoldstone bosons. vPT may be viewed as an effective Lagrangian 
formulation for low energy QCD processes [12]. 
The degrees of freedom in the effective Lagrangian of \PT are the pseudoscalar mesons and also 
the matter fields (baryons. heavy mesons, etc.). For hyperon decays, the baryon decuplet was found to 
give an important contribution in addition to the baryon octet. Both baryon multiplets are treated in 
the heavy baryon limit for the convergence of the energy e.xpansion of \PT. We greatly simplify our 
efforts by using both HQS and chiral symmetry at the same time. 
The dominant A/ = 1/2 contribution of the octet has been previously calculated to one loop order. 
The convergence of \PT S-wave and the P-wave amplitudes and the occurrence of cancellation between 
different contributions have been previously discussed and we confirm these results. The tree level 
A/ = 3/2 contribution of the 27-plet has also been calculated and it was pointed out that the one 
loop calculation may be interesting to check the convergence of the \PT amplitudes in this case. We 
have calculated the S- and P-wave amplitudes to one loop for both of A/ = L/2 and A/ = ."5/2. We 
have corrected some errors in the previous calculations and discussed the convergence of the A/ = 1/2 
amplitudes. 
In chapter 5. we go beyond the standard model to study CP violation in B decays from anomalous 
IbW coupling. .-Vlthough the standard model is very successful, many believe that it is not the whole 
story. Two avenues which may help us to go beyond the standard model are CP violation and the 
electroweak symmetry breaking. 
CP violation occurs in the standard model due to a phase in the Cabibbo-Kobayashi-.Maskawa 
(CKM) mi.ving matrix. However, experiments have observed CP violation only in K decays, and we 
are not sure if CP violation is due to the CKM phase only or other mechanisms. B factories are under 
construction to study CP violation in B decays. This will us allow to check the standard model, and 
to look for physics beyond the standard model [13]. 
Electroweak symmetry breaking is achieved in the standard model through the Higgs mechanism 
with a fundamental scalar Higgs boson. However, many believe that electroweak symmetry breaking 
6 
may occur due to some strong interaction (e.g. technicolor) between some fermions (e.g. techniquarks) 
and the scalar particle is a bound state of those fermions. Since the top quark mass is comparable to 
the electroweak symmetry breaking scale, the top couplings may be sensitive to those interactions. 
We have calculated the effect of new CP violating interactions parameterized by an anomalous thW 
coupling on CP-odd observables in B decays. We found that couplings consistent with current bounds 
induce observable effects in some CP asymmetries that will be measured in S-factories. The new effects 
are sufficiently large that they can actually test specific models that give rise to these tb[V interactions. 
The topics discussed in Chapter 2.3.4,0 have been published or submitted for publication [1-1. lo. 
16. 17. 18. 19]. 
i 
MESON SPECTROSCOPY AND IN-MEDIUM EFFECTS 
Potential models have been used for long time to calculate the spectrum of mesons using quarks as 
fundamental degrees of freedom. For charmonium and bottomonium, relativistic effects may be small 
and can be neglected as a first approximation. However, for lighter mesons, relativistic effects are 
important and we need a relativistic formalism. The Bethe-Salpeter Equation (BSE) is a natural choice 
in this case. We extend the work of Ref. [7. 9] to open flavor mesons and include a running coupling 
constant of the short range strong interaction. We evaluate the meson spectrum in two reductions using 
seven parameters. 
We also evaluate medium effects on some meson masses and discuss the possibility of some consequent 
experimental observables. The interest in calculating the in-medium properties of hadronic matter has 
grown in recent years because it is believed that understanding the behavior of these properties in high 
density and temperature environments is necessary for interpreting the results of relativistic heavy ion 
collisions. It is expected that observables such as masses, widths, and couplings will change in hot. 
dense environments like those achieved in experiments attempting to create conditions for the phase 
transition to the quark-gluoa plajjiiia (QGP) [20j. 
Meson spectroscopy 
Several papers have treated constituent quark models using two-body relativistic wave equations 
[21]. We here improve and extend the model of [9] by including open-flavor mesons in the spectrum 
fits and incorporating a running quark-gluon coupling. We then provide results for in-medium effects 
through their influence on the confining interaction. 
The interaction kernel consists of a one-gluon exchange interaction VQGE in the ladder approxima­
tion, and a phenomenological. long-range scalar confinement potential, V'COJV- We treat the potentials 
in momentum-space according to the methods described in [6, 7], This interaction takes the form 
I,- .1- T/' I I- 1 ,,, I'OGE + VcOiV = ro," —:7 4-crlitti;^— (I) 
3  [ q - q ' ) -  i i - * o d n - - ( q - q ' ) - +  I I -
8 
Here, Q, is the strong coupling, which is weighted by the meson color factor of and the string tension 
(T is the strength of the confining part of the interaction. We adopt a scalar Lorentz structure for I co.v 
since this choice is supported by lattice results [22] and by phenomenology, e.g. [9]. 
There are several choices of relativistic two-body wave equations which can be used to treat the 
interactions of Eq. (1). In this investigation, we employ two different equations, a spinor version of the 
Thompson equation [23] and the new equation introduced in Ref. [9]. For convenience, we will refer to 
these equations as "reduction A" and "reduction B" respectively. These two integral equations result 
from different choices of three-dimensional propagators used to reduce the Bethe-Salpeter equation from 
four to three dimensions. 
Assuming a bound state of quarks with equal masses in the center-of-mass J'' = 0~ channel, the 
reduction A equation reads 
(•2UJ -  E) = ^/i(<7) -h (2) 
0^7 iTzq  
and the reduction B equation reads 
-  E-)  (</)  =  ^ / i (7 )  + —Iz iq) .  ( ;{ )  
^  ^7 tq  : rq  
Iti each case 
h(<l]  =  I  dq 'q 'Qo(Z)^^ — ( • ' )  
JO 
and 
h(<i)  =  l i rn , !^  f  dq 'q ' [Qo(Z ' )  ~  + \z 'Qo(Z ' )  -  l]  fo)  
The quantities q and q '  are magnitudes of relative three-momenta, u/' ' = [m-  +  q^ m  is the 
constituent quark mass. Qo is the Legendre function of the second kind with argument Z = (7" -I-
q'')l'^qq' or = iq' + q'' + l^')/'2qq'- and E is the energy to be obtained along with the amplitudes 
The •+" subscript on the amplitudes indicates that only the positive energy components have been 
retained in these equations. 
We have improved the calculated spectra of [9] by incorporating a running strong coupling into the 
model. Specifically, we have constrained the coupling to run as in the leading log expression for Q,. 
477 + i j iQ, ( f i - ) \n (Q- /n- )  
where = II — 2 n j / ^  and n j  i s  the number of quark flavors. The most precise measurements of a, 
have been at Mz, the mass of the Z-boson : Q,(n' = M^) — 0.12, and the running couplings used in 
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the following calculations are anchored to this point. We have elected to relate Q- to the meson mass 
scale through 
Q-=eML, .n+P--  (-) 
where the parameters ^  and p are determined by the fit. The second term, if it is large enough, ensures a 
finite saturation value of a, as goes to zero. We have also e.xpanded the work of [9] by including 
open-flavor mesons in our fit. The constituent masses, the string tension a.  and the parameters ^ and p 
are adjusted to minimize the RMS deviation between the calculated meson masses and the experimental 
masses listed in the Particle Data Tables [24]. 
There is the well-debated issue of whether the low-mass pion (and later, when open-flavor states are 
considered, the K meson) should be included in a constituent quark model picture, even a relativistic 
one. We adopt the philosophy that if a model adequately reproduces the T and K masses, then these 
states may be retained in the calculations using that model. In the present case, reduction .\ does poorly 
at representing these low-mass mesons, and these states are therefore not included in calculations using 
reduction .-V. 
The global fits include 45 states for reduction X and 47 states for reduction B. The fitted parameters 
are given in Table 1. We list the complete calculated spectrum from both reductions in Table '2. 
Including r and K in reduction A increases the RMS to 61 .VIeV. while e.xcluding them from reduction B 
does not affect RMS since jr and K masses in this reduction are in good agreement with the experimental 
values. 
Table 1 Fitting parameters and RMS. 
Reduction Reduction B 
trib (GeV) 4.6.5 4.68 
rric (GeV) 1.37 1.39 
m,  (GeV) 0.397 0.405 
m„ (GeV) 0.339 0.346 
a-  (GeV-) 0.233 0.211 
0.616 0.444 
p (GeV) 0.198 0.187 
RMS (MeV) 43 50 
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Table 2 Fitted spectra for reductions A and B. 
Meson Mfixp Reduction A Reduction B 
jr 140 - 135 
jr(l300) 1300 1328 1439 
TTn 1670 1536 1515 
ai  1260 1266 1223 
hi  1232 1262 1219 
p 768 757 812 
an 1318 1402 1367 
0 1019 1020 1020 
6 '  1680 1678 1645 
f'l 1525 1558 1526 
nd 15) 2979 2975 2993 
7c (25) 3590 3624 3640 
x M i P )  3415 3402 3383 
\cl(lP) 3511 3486 3461 
h c ( l P )  3526 3493 3471 
J / t l i lS )  3097 3113 3091 
c/'(25) 3686 3688 3688 
U'(3770) 3770 3760 3741 
r(4040) 4040 4077 4104 
i!'(4l60) 4159 4122 4136 
V'(4415) 4415 4415 4456 
X c z i ^ P )  3556 3581 3556 
\bo( \ -P)  9860 9842 0843 
\6O(2P) 10232 10200 10198 
\6l(lP) 9892 9860 9863 
\6I(2P) 10255 10216 10214 
T(15) 9460 9514 9520 
T(25) 10023 9996 9996 
T(35) 10355 10334 10331 
T{45) 10580 10614 10611 
T( 10860) 10865 10861 10860 
T( 11020) 11019 11083 11086 
\62(1P) 9913 9925 9928 
\62(2P) 10268 10271 10270 
K 494 - 495 
/\'i(1406) 1406 1360 1330 
/v 1(1270) 1270 1336 1287 
11 
Table 2 (continued). 
Meson M„p Reduction A Reduction B 
[<2 1770 1631 1633 
K- 892 902 916 
K; 1426 1481 1442 
D 1865 1852 1897 
D- (2007) 2007 2034 2004 
D-(2420) 2420 2397 2358 
Ds 1971 1928 1968 
Ds 2110 2108 2076 
B 5271 5322 5342 
B- 5352 5328 5347 
Medium effects 
We turn now to a consideration of how this meson model may be used to treat in-medium effects 
on mesons. We make the ansatz that in-medium effects will modify primarily the long-range part of 
the interactions, and focus our attention on the confining potential in this simple demonstration of the 
utility of our meson model. We use reduction B and the parameters from the global fit of Table 1 for 
these examples. 
In order to make our calculations independent of a particular model for the medium effects on the 
string tension, and to avoid the necessity of invoking an equilibrium picture of tli<? iiit^diuia. sve plot 
the meson masses against cr/ao, where CTQ is the vacuum value of the string tension quoted in Table 
1. (tiven a model for the behavior of string tension with respect to a particular variable such as the 
temperature T. our plot of mass vs. CR/AO can be converted into a plot of mass vs. temperature. 
It is especially interesting to predict whether meson masses fall below thresholds resulting in the 
closing of decay channels and leading to significant modifications in meson widths. For this purpose we 
evaluate the mass of TL'" and two times the D meson mass as a function of decreasing string tension and 
display the results in Figure 1. 
The calculated (/•" and D  masses each differ from the measured masses by about 30 MeV. In order 
to make the curves of Figure I pass e.xactly through the 0" and D (.'<2) measured masses for CT/CTO = I. 
we plot M[cT)MEXP/M{(To) on the vertical axis, where M((t) is the meson mass calculated using the 
in-medium string tension o", and M{(ro) is the meson mass calculated using the vacuum value of the 
string tension O-Q. 
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Figure I shows that the ib" mass crosses the DD threshold at a mass of about 3.71 GeV when the 
string tension falls to about 0.9o-o. A similar calculation using reduction A also shows this "cross over" 
at <T = 0.9(7o. For string tensions less than this, the avenue for i/'(3770) decay to DD is blocked. 
Since this is the dominant decay channel for the (;'(3770) in the vacuum [24]. the model predicts 
significant modifications in its decay will result when medium effects decrease the effective string tension 
by more than about 10%. The DD-channel branching ratio is greater than 0.99 for the t (3770). and 
its width may be expected to undergo a large reduction as the medium-induced mass shifts shrink the 
phase space for this decay mode. If the DD channel is blocked, the decay modes available to the c'(3770) 
would be more similar to those of the lighter I~ charmonium states, the J/e and U.'{2S). L'nlike these 
lighter states which are primarily S-states, the (/.•(3770) is primarily a £>-state according to our model, 
and its decay signature would be e.xpected to differ from those of the lighter states on this account. 
These considerations and the ramifications for observations are discussed in more detail in [25]. 
In Figure 2 we show similar calculations for the masses of the o and the K K threshold as a function 
of crla-Q. The Figure shows that the o mass crosses the KK threshold at a mass of about 0.9(5 GeV 
when C/CTQ ~ 0.67. 
The results displayed in Figure 1 and Figure 2 may be interpreted within the framework of particular 
models of medium effects on the string tension. For example, several methods have been proposed for 
modeling the temperature dependence of the string tension [26. 27. 28. 29. 30] and they exhibit the 
common feature of predicting a monotonically decreasing string tension for increasing temperature. 
.-Vccording to a model for ( t ( T )  taken from [29], as a particular example. 
<7(r)/<r(0) = v'l - [T/'TS-. (8) 
where Tc is the critical temperature and T  is the temperature of the medium. .-Vpplying this model to 
the I/'" — DD plot in Figure 1, our calculation predicts that the W" will cross the DD threshold at a 
temperature of 0.43 Tc. 
We may compare our result of 0.43 Tc with the value of 0.56 Tc obtained in the study of [25] which 
also used Eq. (8) to model O-(T). This difference may be attributed to the use of different constituent 
quark models. Ref. [25] used a nonrelativistic Schrodinger equation treatment to compute the n'" mass, 
and a bag model to determine the location of the DD threshold by using scaling arguments to relate 
bag pressure to string tension. Our model treats all states within a common relativistic framework. 
Turning now to the o — f \  K  system of Figure 2 , if we again use Eq. (8) to model the temperature 
dependence of the string tension, we observe that the KK decay channel of the o will close at a 
temperature of about 0.74 Tc. Since the KK is the largest decay channel for the 0. this would be 
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expected to greatly reduce the o"s width and drastically alter it's decay signature. This case is not 
exactly analogous to that of the e'(3770). since the 6 is the lightest state in the 1~ channel of s.s 
constituent quarks. Discussions of observational considerations stemming from medium effects on o 
decay may be found in Refs. [31, 32]. 
We may relate this result to that of a previous study [32] which used a Nambu-Jona-Lasinio model 
of in-medium 0 and K masses. In this previous study, the K K decay channel for the o was found to 
close at a temperature of 
where m; is the value of the light constituent quark mass in a free hadron. Ref. [32] presents sample 
results for light-quark masses in the range 300 MeV < nj/ < 600 MeV. Losing the light constituent quark 
mass obtained in our spectrum fits, mi ~ 340 MeV (see Table I). Eq. (9) predicts that the KK decay 
channel will become closed for o decay at a temperature of about 150 .\[eV. We see that our result of 
0.74 Tc would be comparable provided we assumed Tc ~ 200 MeV. 
Our relativistic in-medium calculations e.xtend the work of previous nonrelativistic potential models 
by providing a consistent relativistic framework for evaluating in-medium effects, through the depen­
dence of our model parameters on properties of the medium. 
We next use this model to calculate the medium effects on the radiative transitions in charmonium 
states. It was suggested that the EI transitions in charmonium states may be useful in studying 
the medium effects on the masses and radii of those hadrons. Charmonium suppression is one of 
the main expected signals of the formation of QGP [33]. If the radius of charmonium increases as 
the deconfinemcnt stage is approached, this will lead to an increase ia the transition rate so that a 
larger fraction of those radiative decays may occur in the medium. The emitted photons being weakly 
interacting will escape the interaction region carrying information about those medium effects. The 
rate for f I transition from L io L — \ states is given by 
T ~ 0.45 mi. (9) 
r.7 = (10) 
where 
(11 )  
and 
f d r R i ( r )Ri{ r )  = f d r R j { r ) R j ( r )  =  I  
Jo  Jo  
( 1 2 )  
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Two factors in Eq. (10) are subject to change in the medium, the transition energy. tiirough 
the mass change and the dipole moment. Dif. through the radius change. Figure 3 shows that t.he 
transition energy decreases by a factor of 4 on the full range of (T. Figure 4 shows that the average 
radius changes by a factor of 2 or more. 
Since the transition energy is raised to the third power, while the dipole moment to the second 
power, the net effect will be the decrease of the decay width as shown in Figure .5. .Accordingly, the £"1 
decay of charmonium will be inhibited in the interaction region compared to rates with the canonical 
masses and radii. Our calculations of the masses and the decay width at vacuum (at CTO) agree with 
other calculations [34], and compare well with the measured values [24]. 
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HEAVY QUARK SYMMETRY AND B DECAYS 
In this chapter we will use the model presented in Chapter 2 to describe some features of B decays. 
Much of the hadronic uncertainty in B decays has been reduced with the development of a new symmetry 
of the strong interaction which will also be described. We will use our model to calculate the Isgur-
Wise  func t ion ,  wh ich  r ep re sen t s  t he  had ron ic  fo rm fac to r  i n  B t o  D'  decays .  We  wi l l  t hen  ex t r ac t  \ ' ch -
an element of a matrix representing the transformation between the mass eigenstates and the weak 
eigenstates of the quarks. Then we will calculate all the semileptonic form factors for the decays of 
B to D and D' and compare the predictions of our model with those from a heavy quark expansion. 
We will extract some of the hadronic matrix elements and show the consistency with the heavy quark 
expansion. In the last section we will use our model to calculate the decay constants and then use 
factorization to describe nonleptonic decays. 
Isgur-Wise function and Vcb from Bethe-Salpeter equations 
Heavy quark effective theory (HQET) [35. 36. 37] has opened a new window for the determination of 
the Cabibbo-Kobayashi-Maskawa (CK.M) matrix elements [38. 39]. In particular, determination of I '-i 
using theoretical predictions of HQET and experimental measurement of the differential decay rate of 
the exclusive semileptonic decay B D'Cu has received a great deal of attention. With the recent high-
precision data available from several experimental groups [40. 41. 42]. it is now possible to determine 
the value of Vcb with reasonable accuracy. 
The CKM matri.x is a generalization of the Cabibbo matrix invented to retain the universality of 
the weak interaction. It relates the quark mass eigenstates to the quark weak interaction eigenstates. 
It takes the form 
VUD VU, V'ub 
VCD VC, 
VU VT, 
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An approximate but useful form of the CIvM matrix is due to VVbifenstein. It is an expansion in 
powers of a small parameter A. which represents the s —> u transition. 
1 — ^A" A --IA^(/? — irj)  
V c h w r - A  1  -  ^ A -  . 4 A -  .  ( U )  
^ A\^(,[ -  p -  irj)  -.4A- I ^ 
^ CK \f has three real parameters, A. A and p .  and a phase r j .  The parameter A is the most accurately-
known parameter from beta decay and K decays. The next parameter is .4 which is proportional to I'<-6 
and the hope is that we may determine .4 accurately from B decays. 
In order to extract V'ci, from the experimental data, one needs to calculate hadronic form factors 
which include nonperturbative effects. HQET has vastly simplified these calculations and only one 
universal function, called the Isgur-VVise (IW) function [35], has been shown to play a leading role in 
many calculations involving decays of heavy mesons. The calculation of the IVV function however is 
model dependent and several different parameterizations for it have been used in the literature [11. 39]. 
.-Vfter a particular parameterization is chosen, one typically fits the experimental data to extract the 
unknown parameter(s) in the IVV function as well as I'cb from the experimental data. 
We use a covariant reduction (reduction B referred to in Table I) of the Bethe-Salpeter equation 
(BSE) [2] to calculate the IVV function [44]. The BSE was solved numerically and the parameters 
appearing in it (namely the quark masses, string tension and the running coupling strength for one-
gluon e.xchange) were determined by fitting the calculated spectrum to the observed masses of more 
than 40 mesons [14] as we showed in Tables 1, 2. The resulting niesoa iiiaas spectrum agrees very well 
with the experimental data. Once the parameters are thus fixed, the meson wavefunctions from the 
BSE can be used to predict physical observables. In particular, the IVV function may then be evaluated 
from the wavefunctions of the BSE and would represent a prediction independent of any undetermined 
parameters. Knowing the shape of the IVV function we can then extract V'cb from the experimental data. 
The hadronic matri.x elements for the decay B D' £i> take a simple form when described in the 
context of HQET. Such decays are mediated by heavy quark currents Vf, = c-^tb and .4^ = 
and the corresponding matrix elements are in general described in terms of four form factors [:{o. 4.'{] 
denoted by / = 1,2,.3,4 : 
(D-(r' ,0|V' ' |e(i;)> = vj 
(D*(i;',f)1.4''lS(i;)) = x/mirn^^2(w) (w + I) e'"-(^3(u;) f" + ^ 4(u;)L'''')f" .r. (1-5) 
where ui = v.v', v and v' being the velocities of B and D' meson respectively. 
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In the limit where masses of the heavy quarks tend to infinity, the form factors satisfy the 
conditions 
^i=^2=^A=^{v.v'), 6 = 0. (16; 
where is a single universal function, called the IVV function [11. ."ioj. In the limit of infinitely 
heavy quark masses the [VV function is normalized to unity at zero recoil, i.e. ^(l) = I. 
The IVV function can be related to the overlap integral of normalized meson wavefunctions in the 
infinite momentum frame. If i/'jjg and ti'/o- denote the wavefunctions of the light degrees of freedom in 
B and D' mesons respectively, then the IVV function can be written as 
(17) 
In the heavy quark limit close to .v = 1. the [VV function has the form 
= l-r(w - l) + 0[(u;- I)-], (18) 
where p- is the slope of the Isgur-VVise function at u; = 1. 
The differential decay rate for the process discussed above is given by [38] 
^ D'Cu) Gjr iT 3 2 r~^ , n2 
dw ~ 4^ ^D' 
4ui I — 2wr + r" 
I + lc6p^'(u;). (19) 
-^ + 1 (l-r)2 
where r = and r]^ is a constant which is present due to a finite renormalization of the axial vector 
rurr^nt. 
It is clear from the above e.xpression that the knowledge of the differential decay rate and of the 
Isgur-VVise function would allow us to calculate V'cb- However, as is evident from Eq. (17). we need to 
know the meson wavefunctions to calculate the Isgur-VVise function. We do that using our covariant 
reduction B of the BSE discussed in chapter 2. 
In our formulation of BSE there are seven parameters : four masses, m„=md, trie, T's . the string 
tension a. and the parameters ^ and p used to govern the running of the coupling constant (coulmn 2 of 
Table 1). These parameters were determined by fitting the meson masses calculated from the BSE to 
the observed spectrum. VV^e utilize this BSE model for the mesons to evaluate the meson wavefunctions. 
The wavefunctions for B and D* mesons are shown in Figure 6 and Figure 7 respectively. For the 
purpose of further calculations we have also obtained analytic representations of these wavefunctions ; 
H'.H- --) = (20) 
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Figure 6 Radial wavefunction for the B meson. 
24 
•Numerical Wavefunction 
Analytical Representation 
0 2 4 6 8 10 
r (GeV^) 
Figure 7 Radial wavefunction for the D' meson. 
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where. A = .59 GeV, n = 1.16 for the B meson and \ = .42 GeV, n = 1.52 for the D' meson. We have 
plotted the numerical wavefunctions and their analytic representations together to display the accuracy 
of the latter. For convenience, we shall use these analytical e.xpressions for subsequent calculations. 
We shall describe our results using the ingredients that have been presented above. Using Eq. (17) 
and taking into account the relativistic boost (assumed along the r direction), the IW function can be 
written as [43] 
= ( 1,)'^' [ ^'iD' (-f' (21) UL +  I J  
where E is the mass of the light component of the D" meson in the rest frame of the B meson. 
We use the wavefunctions derived from the BSE to evaluate the IW function and we emphasize again 
that our IW function involves no additional parameter fitting. The plot of our IW function is shown 
in Figure 8. ft is interesting to note that since the wavefunctions used are coming from the BSE which 
is solved independent of the heavy quark appro.Kimation, the IW function does not go to unity at zero 
recoil. The deviation of the [W function from unity at zero recoil can be attributed to the finite mass 
effects which are incorporated in our BSE model (implicitly to all orders in l/mg). For convenient use 
by others, we have also obtained an analytical representation as a best fit to the IW function that is 
plotted in Figure 8. This is given by 
2 
^(u;) = ,7[l - ^ (u; - 1) + a(u; -  1)=^/"]. (22) 
where p- = 1.279. a = .91 and q = .9942. 
We can now use the IW function as calculated above to e.Ktract from the pxperimpntal data for 
B D' iu decay. We have used the data from ARGUS 93 [40], CLEO 93 [41] and C'LEO 94 [42] and 
the corresponding fits to these data using our IW function are shown in the Figure 9. Figure 10. and 
Figure 11 respectively. 
In Table 3 we present the different values of Vcb (in the units of 10~^) obtained from these exper­
imental data. For each set of experimental data we have shown two values of Vcb, one obtained from 
the numerical calculation of the IW function and the other from its analytic representation as given 
in Eq. (22). The uncertainties in the values of Vcb tabulated above are determined by fitting to the 
sets of extreme values appearing on the e.xperimental error bars. The different values thus obtained are 
consistent with each other and are comparable to some of the latest estimates of V'cb by other authors 
[11, 38, 39]. 
We have used the solutions of the BSE to predict the shape of the IW function. Such a prediction 
is independent of any undetermined parameter. The solution of the BSE does not depend on the heavy 
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Table 3 Values of Vcb in the units of 10 ^ from different sets of experimental 
data. 
ARGUS 93 CLEO 93 CLEO 94 
From Numerical IW Function (35.8 ±8.3) (34.8 ±6.1) (34.7 ±2.5) 
From Analytical IW Function (35.9 ±8.3) (34.8 ±6.1) (34.7 ±2.5) 
quark approximation and the corresponding IW function calculated from its solutions incorporates some 
of the finite mass corrections. This is evident from the fact that in our calculation the IVV function 
deviates from unity at zero recoil. We have also found a simple analytical representation that fits the 
numerically computed IW function. Using the IW function we have calculated V'cb from the latest set of 
experimental data. Our best estimate of Vcb = (34.7 ±2.5) x I0~^ is comparable to the latest estimates 
of V'ch available in the literature [11, 38. 39]. 
From the knowledge of the solutions of the BSE it is possible to calculate the form factors in Eq. 
(15) directly without using the heavy quark limit. Such a calculation provides an interesting test of the 
accuracy and consistency of the heavy quark appro.ximation and will be presented below. 
i5 -> D{D') form factors in a Bethe-Salpeter model 
In the previous section, we calculated the Isgur-Wise function ^(^J) and extracted the Cabibbo-
Kobayashi-.VIaskawa (CKM) matrix element from data. In this section we evaluate all the form 
factors relevant to thcscmilcptonicdccaysof the D mesoii to the D{D') iiiesous. By including additional 
l/triQ effects, we obtain an improved value for I'eb-
The discovery of Heavy Quark Symmetry (HQS) in recent years [35. 36. 37] has generated consider­
able interest in the study of systems containing heavy quark(s). It has been shown that, in the heavy 
quark limit, the properties of systems containing a heavy quark are greatly simplified. HQS results 
in relations between nonperturbative quantities, such as form factors, for different processes involving 
transitions of a heavy quark to another quark. The development of Heavy Quark Effective Theory 
(HQET) [37] allows one to systematically calculate corrections to the results of the HQS limit in inverse 
powers of the heavy quark mass mq. Among other consequences, this has allowed a reliable method 
for determining the CKM matrix elements. An accurate determination of the CKM matrix is crucial 
for testing the validity of the Standard Model. 
In spite of impressive results obtained in HQET, it has not solved the problem of calculating the 
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transition form factors in QCD. In particular. HQS reveals relations between form factors but does 
not provide a determination of the form factors themselves. Furthermore, the systematic e.Kpansion 
of the form factors in I/TTIQ in HQET involves additional nonperturbative matri.x elements which are 
not calculable. We are thus forced to rely on models for the nonperturbative quantities. However, the 
constraints of HQET, which are based on QCD, allows one to construct models which are consistent 
with HQET and hence QCD. 
In this section we first calculate the form factors in the semileptonic decays of the B meson to D 
and D' mesons in our Bethe-Salpeter model. The parameters of the model are fixed by fitting the 
meson spectrum (we use reduction B. coulmn 2 of Table 1) so that the evaluations of the form factors 
do not involve any additional free parameters. The calculated form factors are. therefore, viewed as 
p red i c t i ons  o f  t h i s  mode l .  We  then  ob ta in  V'cb  f r om the  measu red  d i f f e r en t i a l  decay  r a t e  o f  S  —>• D' lu .  
We also show that our model is consistent with the requirements of HQET and that we are able to 
extract the unknown matrix elements that appear in the l/mq corrections in HQET. 
The Lagrangian for the semileptonic decays involving the 6 —> c transition has the standard current-
current form after the W boson is integrated out of the effective theory. 
L i v  =  ^ ^ V c b h u i ^ - ' j 5 ) l  ( 2 3 )  
The leptonic current in the effective interaction is completely known and the matri.x element of the 
vector [Vfi) and the axial vector (.4^) hadronic currents between the meson states are represented in 
terms of form factors which are defined in the equations below. 
{D(FD ] \V^ \B[PB))  = U[PB + PD)^+f - (PB-  PD )^  
(D-(PD..£)1V;1S(PB)) = i9€^ua^s"'(PB + PD'^PB-PO'f 
{ D - ( P D ' . £ ) \A^\B{PB)) = fel+(£-.PB)[a+(PB + PD')^+a-{PB-PD')^] (24) 
f+. g.  f .a^ and a_ are Lorentz invariant form factors which are scalar functions of the momentum 
transfer 
q- = (PB-PD{PD'))- (25) 
where PB ,  PD and Pp '  are the four-momenta of the B.  D  and D'  mesons respectively. The calculation 
of the the form factors proceeds in two steps. In the first step, the full current from QCD is matched to 
the current in the effective theory (HQET) at the heavy quark mass scale [11]. Renormalization group 
equations are then used to run down to a low energy scale n ~ I GeV where the constraints of HQET 
operate and where it is reasonable to calculate matrix elements in a valence constituent quark model 
like our model and the model by Isgur, Scora, Grinstein, and Wise (ISGW. ISGW2) [45, 46]. 
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In the HQS limit, the heavy quark inside the meson acts as a color source and its velocity remains 
unchanged due to interactions with the light degrees of freedom. In the leading order the velocity of 
the heavy quark is the same as the velocity of the hadron. The effect of the external weak current is to 
instantaneously change the velocity of the color source from y to a new velocity v'. In HQET. therefore, 
it is more appropriate to work with the velocities of the heavy mesons instead of their momenta and to 
consider the form factors as functions ofu; = t;- v'. The variable u; is related to the momentum transfer 
variable q- through 
'"s +'"b(D-) ~ 7" 
•"' ~ ImBTTlQ^Q' ) 
In terms of a new set of more convenient form factors we can write the matrix elements of the vector 
and the axial currents as 
{D{VD ] \V^ \B[VB))  
s / rnomg  
{D-{vD.e ) \VM^B) )  
{D- (vD, - : ) \A^ \B ivB) )  
=  +  VD)^  +  ^ - { ' ^ ) iVB  -
— (ij)f l-'p-Vg 
= • ''"B + = — (j' • +^A3t'D*M] 
Y/MP'  TTIB 
The normalization of the meson states in Eq. (24) and Eq. (27) are 
{M(p ' ) \M(p] )  =  2p°{2n )H\^ - ^ ' )  
and 
(.V/(u')l:\i(u)) = ^{2-)^i^(p-p') 
mxi  
The two sets of form factors defined above are related to each other through 
^+ 
c 
<>-
- -( , /'"D \ r , W j^D \ f 
' 2\)j mo \J rnB  J  """  2  Vy  mo  \l r r iB  J  
=  2s /m^rn^g  
U i  - ^  
^A2  
Vm^mB(uD- • UB + I) 
-m%(a+ +a-) 
y /mo '  r r iB  
U. = (28) 
^mp '  n iB  
In the limit that the mass of the heavy quark ttiq —¥ oo four of the six form factors defined in Eq. 
(27) can be expressed in terms of a single form factor, the Isgur-Wise function [35] 
^+(w) = ^ v(u;) = ^ ,i,(w) = ^ ,13(0;) = ^(u;) 
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and the other two simplify to 
=^_(u;) =0 
Furthermore, because of current conservation in the full QCD Lagrangian. the Isgur-W'ise function is 
normalized to unity at zero recoil i.e. ^(u; = I) = 1 [47]. 
As already noted. HQET allows one to systematically calculate i /mq  corrections to this zeroth order 
result given above. The two sources of the i/mg corrections are from the expansion of the effective 
Lagrang ian  and  the  qua rk  f i e ld s  i n  t he  weak  cu r r en t s .  Le t  u s  now look  i n to  t he  two  sou rces  o f  i /mq  
corrections. 
In the limit mq —> cc. the heavy quark field Q( j : )  in the full QCD Lagrangian is replaced by the 
effective field hv(j:) [11] 
f i ^ {x )  = e ' ' " ^ - ' ^P+Q(x )  (29) 
I +/ 
where P+ = is the positive energy projection operator. The effective Lagrangian with niq —r x 
can be written as 
C'fiqET = hv iv-Dhy (30) 
where D" = d^ — igsfA" is the gauge covariant derivative. Corrections to the effective Lagrangian come 
from higher dimensional operators suppressed by inverse powers of mq. Including l/niq corrections 
the effective Lagrangian is [I I] 
C =  ^  +  6  C , i / ' 2mq  +  . . .  (31) 
SC,  =  h  ( iD) -  h  +  ^ •h  h  
where = [ iD"  . iD ' ^ \  = is the gluon field strength. The equation of motion for the heavy 
quark is 
v .Dh^  = 0 (32) 
.Next, one has to express the currents that mediate the weak decays of hadrons in terms of the 
effective field hv In our case we are interested in currents of the form q T Q. .\t the tree level the 
expansion of the current in the HQET takes the form 
q r Q - ^ q r h  +  9 F i p  h - \  (33) 
2mq 
where F is any arbitrary Dirac structure. Furthermore, the hadron mass (MH ) (which appears in the 
normalization of the states) can be expanded in inverse powers of the heavy quark mass in the following 
manner [11]. 
M[{  =  mq  + A + 0( 1/mq ) 
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The mass parameter A plays a crucial role in the description of l /mq corrections to heavy meson and 
heavy baryon form factors and our calculation of the form factors will enable us to extract this quantity. 
In order to calculate the form factors appearing in Eq. (27) we first match the currents of the full 
theory. to the current of the effective theory J''bc- VVe can write the matching condition as [II] 
= C6cJ^c + —AJ^, + y][:^ + -^]0^^+0(I/m^) (34) 
~ ^ mi)  r r i c  • '  
The second term on the RHS is a new current operator generated because of operator mixing during 
the process of matching. This term has a weak dependence on UJ [II. 46] and so we will approximate it 
with its value at u; = I. The operators Oj represent the l/mg corrections [II]. Ignoring 0(;^) terms, 
the connection between the QCD corrected form factors and the form factors calculated in the quark 
model ( I.e. in the effective theory) is [46] 
= [Cbc - (u;) (3.5) 
TT 
where 
C6c(-;) = 
with 
ar  = 
' 33-2JV/ 
~  . 3 3  - 2 ~  
= / T ln(u.' + \/u.'- — I) 
V — I 
H is the scale of the effective theory and Nj = 4. Ay = 3. The expressions for 
~ ^5"(w = I) 
are given by [46] 
2 
= 7 - 2 \ 
= 7 + J \ 
2 
i^v = -4-7 
2 
=  - 0 + 7  
,  4  1  . 2  l + r  
-  '*^"''3I-.-'''3(I---)2^ 
(36) 
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. _ I , r. 2 I + - , 
-  " 3 1 3 7 +  3 ( 1 3 7 ) 1 ^ " '  
_ !Jh. 
ITLB 
\ = -I -
I - r 
7 = In -^ - 2 (37) 
The next step is the calculation of the matrix elements of the currents in the effective theory or. 
in other words, the calculation of ^"(w) . Such a calculation requires the knowledge of the meson 
wavefunctions. In our formalism the mesons are taken as bound states of a quark and an antiquark and 
the meson state is constructed from the constituent quark states. The wavefunctions for the mesons 
are calculated by solving the Bethe-Salpeter [14] and include l/rriQ corrections to all orders (in this 
particular model). That is. the integral equation carries full dependence on the finite value of rriQ. \Vc 
represent the meson states as [45] 
h^/(PM,fny)) = s/'iMn Jd^p{LmLSms \Jmj )  { : im , sm} \Srns )  
'^£m£.(p)|7(-^PM -p.mj))|(/(-^PM + p.fn,)) (38) 
where 
V ' \ (£:,+m,)V. / 
M = mt, + m,j 
and Mfr is the meson mass. The meson and the constituent quark states are normalized as 
(.V/(P'M.mj)|A/(PM."ij)) = 2£<J^(P'm-PM)<)m',,m. (-10) 
(-/(p'. m^)|</(p.m,)) = —<)'^(p'- p)<Jm'.,m. (41) 
TUFJ 
In constructing the meson states we maintain a constituent quark model approach as we do not include 
qq sea quark states nor the explicit gluonic degrees of freedom. We also assume the validity of the 
weak binding approximation [45, 46]. In the weak binding limit our meson state forms a representation 
of the Lorentz group, as discussed in Ref. [45], if the quark momenta are small compared to their 
masses. Assuming that the quark fields in the current create and annihilate the constituent quark 
states appearing in the meson state, the calculation then reduces to the calculation of a free quark 
matrix element. In the rest frame of the B meson with a suitable choice of the four-vector indices in 
Eq. (27) we can construct six independent equations which we can solve to extract the six form factors. 
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We now turn to the question of wiiether our model is consistent with the requirements of HQET. 
We will check consistency with HQET up to the subleading order in l/mg. We will therefore ignore 
0(1/771^) and higher power corrections even though the wavefunction from the BSE equation includes 
power corrections to all order. 
Following .\'eubert and Rieckert [43] we can expand, the form factors including only I/"ig 
corrections as 
^.(w) = [a,-+ 7,{a,) + 0(a;. l/m^.a,/mQ)l^(u;) (42) 
Q, takes the values I or 0. The corrections 7, (0;) represent the l/mg corrections. These corrections are 
e.Kpressed in terms of matrix elements pi(oj) given below 
7+ = ( 1 
nic nib 
7- = i- ^)b4(w)-^A] TTLF^ fTZ() ^ 
Iw I , I , , P2{ i ^ )  , [pi(u.-) - P4('^')] 
7V = xAl — H ) H + 
1  rUc  r r ib  r r i c  m t ,  
- ^ ^ I bl(^) -P4(^-)^] 
2" nic mfc -; + 1 rUc nib 
t [~A-h (u; 4-l)p3(^) ~ P4(^)] 
^ + I nic 
-  -^1  ^  ~ ^ ^ ^ , [P2(^') -PaC'^) - ^ [pi(^-) - p.^(u,)] 
7^3 = -ri :^ + —) + (-13) 
2 nic ^ + I nib "ic nib 
The form factors p,(u;) can be related to the form factors \2(u/). \3(a;) and [48] via 
— 2(a; — l)\2(u;) + ()\3(u;) 
P2{t^)^(l^) = Vll"-') — 2V3("'') 
P3(u j } ^ (u j }  =  2\2(W) 
P4(u.-)^(a;) = ,e3(^') (44) 
The normalization condition at zero recoil is 
^(u; = 1) = I 
and the functions pi and po satisfy the constraint. 
pi(a; = 1) =. pn{ijj = I) =0 
which is the same as 
Xi(uj = 1) = \3(u} = I) = 0 
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Using the calculated form factors ^,(u;) from the BSE model we can use Eqs. (42. 43. 44) to e.xtract the 
HQET parameters A and Pi(w) or and v3(w) ). We note that Eq. (42) involves 6 equations for (5 
form factors. However, the equations are not linearly independent, so we utilize our model ^(u, ) [15] and 
reduce to 5 the number of form factors to be determined by these equations. We use the least squares 
method to solve this system of equations. Eq. (42). to obtain the HQET parameters. One should keep 
in mind that the calculated form factors contain l/m^ and higher order power corrections and so the 
e.xtracted HQET parameters also contain effects of l/mg and higher order corrections. 
In the previous section a covariant reduction of the Bethe -Salpeter equation (BSE) was used to 
calculate the Isgur-Wise function. The BSE was solved numerically and the parameters appearing in it 
(the quark masses, string tension and the running coupling strength for the one gluon e.xchange) were 
determined by fitting the calculated spectrum to the observed masses of more than 40 mesons (We use 
reduction B. See Tables I. 2). The resulting mass spectrum of the analysis was found to agree very 
well with the experimental data. Once the parameters of the model were fi.xed. the meson wavefunction 
could be calculated from the BSE. This wavefunction was used to calculate the Isgur-Wise function 
and determine V'cb [15]. We now present the results of our present calculations. A number of similar 
calculations can be found in the literature and for the sake of brevity and whenever appropriate we will 
only compare our results with Ref. [46] and the QCD sum rule calculations Ref. [49]. 
In Figure 12 we show the calculated form factors as function of -,• . We also plot the Isgur-Wise 
function ^(u;) for comparison. The size of the l/mq corrections or corrections to the HQS limit is 
reflected in the deviations of the form factors from 1 (or from 0) at a/ = I ( in the case of ^-(^•) and 
6i,(u;) ). 
Since the l/rng correction vanishes for ^+(u;), and ^AI{^) at a,- = I. it follows from Tabic 4 that the 
second order correction may be of the order 2 — 5%. However, the form factors ^^-(u;). and i..\i('^') being 
protected by Luke's theorem [47], have simple structures for the second order corrections at = 1. 
[n general, the second order corrections for the other form factors are governed by several universal 
functions [48] which are not known and it is quite possible that the second order corrections may be 
larger than 2 — 5%. Since in our calculations the first order correction can be as big as 27 — 37% for 
= I), it is possible that second order correction may be higher than 2 — 5%. We also note that the 
second order correction for at CJ = I in ISGW2 is also quite significant at 9%. 
One might intuitively expect that the second order correction for the form factor at ^ = I should 
be negative by interpreting the form factors as the overlap of the final and the initial heavy hadron 
states. But the actual situation is very different because, as already mentioned, the second order 
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Figure 12 The calculated form factors without perturbative QCD cor­
rections and the calculated Isgur-Wise function ^(u;) from Eq. 21. 
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corrections are governed by many universal functions and even in the case of the sign of 
the second order corrections can go either way. In our model we get = 1) = 1.02. without the 
perturbative correction, which is the same result that was obtained by Falk and Neubert [48]. Including 
the perturbative correction gives sai(u; = 1) = 0.99. 
For and t^he i/mq corrections are positive and can have a maximum effect of 30% 
without QCD corrections and about 40% with QCD corrections (See Table 4). Based on the size of 
the l/m<3 corrections, we might naively argue that the total l/m^ effects can be expected to be about 
10 — 15%. For and the power corrections are negative and negligible for 
could naively expect the neglected power corrections to follow the same trend as that for the other form 
factors. In this calculation we have not included the perturbative QCD corrections. 
Table 4 The values of the form factors n t  =  I 
c.  without QCD corrections with QCD corrections ISGW2 [46] 
L.048 1.086 1.00 
-9.37 X 10"- -6.94 X 10-- -9.0 X 10--
^V- 1.27 1.37 1.17 
1.02 0.99 0.91 
-0.233 -0.120 -0.180 
1.07 1.09 l.Ol 
In Figure 13 we show a plot of the HQET mass parameter \ versus ^ and we see that .V is almost 
independent of u; indicating that our model is consistent with HQET where the mass parameter .V is 
independent of^^;. However, as noted before, our extracted A is modified due to higher power corrections 
which are present in the calculated form factors. The value of A ~ O.ooGeV is comparable to the value 
of this quantity extracted by other methods, such as QCD sum rules [49]. This contrasts with typical 
values of A extracted in quark models which are of the order of the constituent mass of the light quark 
in the heavy meson (See Ref. [46]). We believe that relativistic and spin effects, as treated in our 
approach, are responsible for the significant differences from the traditional quark models. 
In Figure 14 we show the functions that represent the corrections to the form factors coming from 
the expansion of the Lagrangian in l/rng viz. \i(u,'), \2(u;) and \.t(u;) and the correction coming from 
the expansion of the heavy quark field in the weak current vtz. ^3(0;). We have plotted the dimensionless 
quantities \v(a;)/A. \2(u;)/A, \3(u;)/A and ^3(u))/A^(a;) in the Figure. 
The function Vi(^) represents the correction coming from the kinetic energy operator while 
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Figure 13 The mass parameter A extracted from the form factors 
41 
1 1 i i 1 1 1 1 1 1 1 1 t 1 1 1 1 1 1 1 1 1 1 1 1 i" 1 I 1 
Xi/A 
— / — 
— 
-Xz/A — 
Xa/A 
1 1 1 1 1 1 1 1 1 T 1 1 1 1 1 1 1 1 1 T 1 1 1 1 1 1 1 1 1 
1 1.1 1.2 1.3 1.4 1.5 1.6 
a  
Figure 14 The I/itiq correction functions \i(u;)/.\, \2(u;)/.\, \3(u-)/.\. and 
^3(a;)/.\^(u;) e.xtracted from the form factors 
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\3(w) represent the chromomagnetic corrections that violate the spin symmetry of the effective theory. 
At = I. we know from HQET that both vi. \3 are zero. We e.xpect \i and \3 to deviate from 0 at 
•J = I because the functions \i{oj) includes corrections of order 1/m^ and higher. In fact the deviation 
of \i and \3 from zero at zero recoil is an indication of the size of the l/mQ{n > 2) corrections. Our 
results for \i(u;), \3('^) are close to what one expects in HQET. There are no constraints on \2 at 
jj = I. We find \2 to be small, positive and slowly decreasing with \3 is almost completely flat and 
remains close to zero for the entire range of u; that we have considered. 
Our results are consistent with QCD sum rule calculations [49] which find the chromomagnetic 
corrections to be a few percent. The calculated \i shows a quadratic behaviour with It peaks 
around uj = 1.3 with a ma.ximum value of around 0.22 which is similar to QCD sum rule predictions. 
In HQET the function ^3(0;) is e.xpected to have a ui dependence similar to the Isgur-Wise s(^). In fact 
it is customary to write 
[11] where q{u i )  is e.\pected to be a slowly varying function ofwt,-. Our calculated q  shows a mild variation 
with UJ though the value of rj is smaller than estimated in QCD sum rules. In Ref. [46] = 0 and 
^3(«^) = 0. 
The form factors calculated in our model have to be corrected by taking into account perturbative 
QCD corrections which are given in Eqs. (34. 35. 36. 37). However, there is an uncertainty in our 
choice of the scale p. the scale of the effective theory. We have chosen fi ~ pav ~ 0.6 GeV where p^v is 
the average value of the internal momentum inside the mesons. In Figure 1.5 we show the form factors 
including perturbative QCD corrections. 
In Table 4 we give the values of the form factors at u; = I with and without perturbative QCD 
corrections. We also show the results calculated in Ref. [46] for comparison. Even though we find 
agreement between our results and those of Ref. [46] for the sign of the power corrections, the magnitude 
of the corrections are different. This is probably due to the wavefunctions used in our calculation which 
includes l/mq corrections of all order. It is important to note from Table 4 that the magnitudes of the 
l/r«Q corrections are comparable to the QCD corrections indicating the need to retain both. 
Having obtained the form factors we calculate the decay rate for B —>• D ' lu  [.50] and fit it to the 
experimental measurements [51. 52] to extract V'cb- The relation for the decay rate in terms of the form 
factors is given in Ref. [50]. The per degree of freedom of the fit is calculated to be 1.4 without 
QCD corrections and 0.95 with QCD corrections. 
In Figure 16 we show the decay rate calculated using the form factors with and without QCD 
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Figure 15 The calculated form factors ^i(u;) with perturbative QCD correc­
tions with ^ = 0.6 GeV. 
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corrections. In our most complete approach (including QCD corrections) we extract a value for \ 'cb — 
(31.9 ± 1.4) X 10"^. close to the loxver limit quoted in the Particle Data Group [53]. .-\s we have 
indicated before we might expect about 10 — 15% corrections to the form factors from the neglected 
higher order power corrections. Since the effects of the l/mq corrections is to bring down the value of 
V'cb from (34.7±2.5) x 10"^ calculated in Ref. [15] to (31.9± 1.4) x 10"^ we could e.xpect a few percent 
corrections to our value of V'cb from the neglected 1/m^ and higher power corrections. 
In conclusion for this section, we have presented the form factors in the semileptonic decays of 
B —¥ D{D'} in a Bethe-Salpeter model for mesons. The parameters of the model are fi.xed from 
spectroscopy of the hadrons and the calculation of the form factors do not involve any new parameters. 
We have shown that our model is consistent with the requirements of HQET and have extracted 
the nonperturbative matrix elements that characterize the l/mg corrections in HQET. We have also 
obtained V'cb from the available data. 
Decay constants, semileptonic, and nonleptonic B decays 
In this section we improve upon the work of Ref. [16] (previous section) in two ways. First we 
establish a theoretical connection between the matrix element of the bare current operator calculated 
using the model states constructed in [16] and the matrix elements of an effective current operator 
based upon arguments for contributions from neglected configurations. Second, we make an ansatz for 
the correspondence between the matrix elements of the bare and the effective current operator. The 
effective current operators are then used to calculate not only the decay constants and sf>mi!fpt'^nic 
form factors similar to our previous work but also the branching fractions of nonleptonic decays. 
The parameters in the BSE are fixed by fitting the meson spectrum (We will use reduction B. See 
Tables 1, 2). Hadronic states necessary for the calculation of form factors are constructed with the 
BSE wavefunctions. In our formalism the mesons have been considered as composed of qq constituent 
quarks which defines the limits of our model space. Our dual thrust in the effort of this section is to 
correct for the limited model space and to carry out new applications. Higher Fock state effects are 
introduced though an ansatz. involving an additional parameter, connecting the bare current operator 
to an effective operator. 
The additional parameter introduced in this process is chosen by a fit to the lattice evaluation of 
the decay constants /a. fo, and fo,- .\n evaluation of the other decay constants of the B and D 
system along with the semileptonic form factors and the nonleptonic decays is performed without any 
additional free parameter and are, therefore, viewed as predictions of this model. Based on this new 
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approach we again extract 1^6 from the measured differential decay rate of 0 -> D'lu  and find a 20% 
increase over our previous results [16]. We also extract Vcb using recent measurement of B > Dlu by 
CLEO [51]. The two resulting values for 1^6 presented in this section are consistent with each other. 
First we discuss the formalism for the calculation of the decay constants and the form factors after 
establishing the connection between the bare current operator and the effective current operator. Then 
we discuss nonleptonic decays. Finally, we present and discuss the results of this section. 
The weak decay constants for the heavy hadrons are defined below 
< 0!/^|P(p) > = i fpp^ ,  
<Q\ .J^ \V[p . z )  >  =  mvfvSn  
J  It  — \  (I  -4^  (45) 
where P and V are pseudoscalar and vector states and and .4,, are the vector and axial vector 
currents. 
The Lagrangian for the semileptonic decays involving the 6 -v c transition has the standard current-
current form after the W boson is integrated out of the effective theory Eq. (23). 
The leptonic current in the effective interaction is completely known and the matrix element of the 
vector (V',,) and the axial vector (.4^) hadronic currents between the meson states are represented in 
terms of form factors which are defined in the equations below [54]. 
< D{pD) \J tL \B{pB)  >  =  { P B  + P D ) ^ - FAr)  
m'a  — m  
- inP 'o iq - )  (4(5) 
where q  =  pb - Pd-
< D-{p ' ) \J^ \B{p)  >  =  +  bis -"  +  b2{p  +  p ' r  +  (471 
with 
60 
61 
bn  
^3 
Az(k - - )  
• 2vm 
tub  + mp'  
i [mB +  mo- )A i (k -
Mk- )  
= - i s '  •  k -
=  i s '  •  k  
mB + mo-
2mD.(.4o(fc^)-.43(F)) 
(mg + rnD.)Ai(k-) — (mB - mD.)A2[k-) 
' Imo '  
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where k = pg — po-• Fq,F\, K .4o,.4i, .42, and .43 are Lorenlz invariant form factors which are scalar 
functions of the momentum transfer (Pb — Pd(Pd'))'- The calculation of the decay constants and form 
factors proceeds in two steps. In the first step, the full current from QCD is matched to the current in 
the effective theory (HQET) at the heavy quark meiss scale [11, 5.5]. Renormalization group ecjuations 
are then used to run down to a low energy scale (i ~ 1 GeV where the constraints of HQET operate 
and where it is reasonable to calculate matrix elements in a valence constituent quark model like ours 
and ISGVV2 [46]. We have already described the first step, viz. the perturbative QCD corrections to 
the weak currents in the previous section [16]. 
The second step is the calculation of the matrix elements of the currents in the model to obtain 
the decay constants and form factors . Such a calculation requires the knowledge of the meson wave-
functions. In our formalism the mesons are taken as bound states of a quark and an antiquark. The 
wavefunctions for the mesons, as already mentioned, are calculated by solving the Bethe-Salpeter Equa­
tion (we will use the results of reduction B. coulmn 2 in Table 1). 
We construct the meson states as in [45], namely Eq. (38). In constructing the meson states we 
maintain a constituent quark model approach cis we do not include qq sea quark states nor the explicit 
gluonic degrees of freedom. We also assume the validity of the weak binding approximation [45. 46]. 
In the weak binding limit our meson state forms a representation of the Lorentz group, as discussed in 
Ref. [4,5], if the quark momenta are small compared to their masses. .Assuming that the quark fields 
in the current create and annihilate the constituent quark states appearing in the meson state, the 
calculation of the matrix element of the current operator then reduces to the calculation of a free quark 
matrix element. In the rest frame of the B meson with a suitable choice of the four-vector indices in 
Eqs. (46. 47) we can construct six independent equations which we can solve to extract the six form 
factors Fq. Fi.V. Aq, Ai. and An Eqs. (46, 47). 
This model space representation may be viewed as the leading characterization in an expanded 
representation which more accurately represents the exact states. We assume that the effects of Higher 
Fock states, representing gluons or sea quarks, in the calculation of the matri.x element of the bare 
current operator are represented by the matrix element of an effective operator in the truncated model 
space. In other words, with the notation "e" labeling exact states, and "m" labeling model states. 
< :V/|(P2)|JJ:Vff(Pi) > < M3-(P2)|j;/^|A/r(Pl) > ('IS) 
To define clearly what we mean by the bare current operator and the effective current operator, let us 
write, assuming heavy quark symmetry, 
|iV/;(Pi) >= ig.-,/:, > (-19) 
where (?. is the heavy quark in the Meson and Li is the light degree of freedom which includes all 
possible Fock States involving light quarks and gluon degrees of freedom and i takes the value 1.2. In 
the model states we set Li = (fi which is the lowest Fock state and all the other higher Fock state effects 
involving the light degrees of freedom are omitted. Note that in the heavy quark limit 
< .V/|(P2)iyjMf(Pi) > ~ < Q-2\J^\Qi >< L2\LI > (.50) 
The ratio < LzlLi > / < ftl'/i > is. therefore, roughly the factor by which the matri.v element of the 
current operator calculated with the model states have to be corrected to include higher order Fock 
states involving light degrees of freedom. VVe expect this factor to be approximately independent of the 
spins of the heavy quark as. in the heavy quark limit, the interaction between the heavy quark and the 
light degrees of freedom is independent of the spin of the heavy quark. .\ny effect dependent on the 
heavy quark spin will be higher order effect in i/ttiq and we neglect such contributions. 
The effective current operator is then the bare current operator, which comes from the weak inter­
action Lagrangian defined in Eq. (23), combined with the factor representing corrections from higher 
Fock states with light degrees of freedom. VVe will include Fock state effects involving light degrees of 
freedom by the following replacement in the calculation of the matrix element 
[n the above, p, p' are the internal momenta of the quarks in the initial and final mesons and <&i(p). 
<&2(p') are the initial and final meson wavefunctions. VVe will use the very simple ansatz 
n(p) = e""^ (.52) 
phenomenological motivation for this ansatz comes from the fact that potential models for <&"'(p) 
with coulomb-like interaction at short distance exaggerate the values of the decay constants [5(1 57]. 
which, in the nonrelativistic limit, is proportional to the value of the wavefunction at the origin of the 
configuration space. VVe will fit the lattice calculations of the decay constants /b, and fp, using 
the parameter o. Our ansatz for the higher Fock state effects suppresses the tail of the wavefunction in 
the momentum space leading to smaller values of the decay constants consistent with results obtained 
in lattice calculations. Note that we will use the same value of a for decays involving B and D decays. 
This is consistent with Heavy Quark Symmetry. 
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The expressions of the decay constants in terms of the wavefunctions are given as [56] 
f i  =  ^ rdp  l (m^  + Eg)[m^-  + E^)  
4 
f.(p) 
Ep{p)  = 
fv-(p) = 
I 
I -
(m, + Eq)(mq + 
O 
P '  
iVp(p)  
l l ' v ip )  
(53) 
(54) 
(55) 3(m, + £',)(m,- + Eq)^ 
where il'p(V) are the wavefunctions of the exact states. Using Eq. (48). we can then obtain the form 
factor in terms of the BSE wavefunctions. 
.N'onieptonic decays arise from W exchange diagrams at tree level. Strong interactions play an 
important role in these decays by modifying the weak vertices through hard giuon corrections and then 
the long distance QCD interactions result in the binding of the quarks in the hadrons. .A.n effective 
Hamiltonian of four quark operators is constructed by integrating the VV-boson from the theory. The 
effects of the short distance and the long distance QCD interactions are separated using the operator 
product expansion where the Wilson coefficients account for the short distance effects while the long 
distance effects are incorporated in the matrix element of the four quark operators. The effective 
Hamiltonian operator for 6 —^ c transition can be written as 
+C2( f l )0n]  
01 = ( l i Jn  (I -  75)UiCj' i" (1-75 )b j  
02 = diln (I - 75) "jCj7" (1 - 75 ]bi (5(5) 
where i  and j  are the color indices. The Wilson's coefficients ci and ct at the scale /i = rn/, have values 
1.132 and -0.286 respectively [58]. 
The matrix element of a two body leptonic decay of the type B —> A'^' requires the evaluation of 
the matrix element 
M =  <X,Y \H, f f \B> 
where has a current-current structure. The matrix element is usually calculated using the fac­
torization assumption where one separates out the current in Hefj by inserting the vacuum state and 
neglecting any QCD interactions between the currents. The matrix element above written as a product 
of two current matrix elements is 
M ~  < AV, i |0  >< Y l f lB  > (57) 
50 
In B decays, for e.g B -¥  D^k~ .  the energetic quark-antiquark pair in the pion is created at short 
distance and by the time it hadronizes it is far from the other quarks so it should be a good approximation 
to neglect the QCD interaction between the two currents creating the final state particles. A detailed 
description about the validity and the corrections to the factorization assumption can be found in Ref. 
[58]. 
In this section we will look at decays where the particle V is a D or a D'  meson because one can 
then use the semileptonic form factors calculated in the previous section to compute < Y\J'^\B >. The 
X will be either a light meson( or a D(D') meson. For the light mesons the decay constants 
are available from experiment while, for the heavy mesons, we will use the decay constants calculated 
in the previous section. 
The expressions for the square of the matrix element for the processes B°  —> D(D' )~{p)  are 
!.V/|-(S° D+;r-) = + c./NS'fl Fn(ml)\ni^ - ml)-
where Nc is the number of colors. 
\M\ - [B°  ^  D^p- )  =  
where p  is the momentum of the decay products in the rest frame of the B.  
X'V,-., \ \ [ f - {B"  ^  D^-rr - )  =  = "V  
\/2 '"b* 
m 
m 
(<50) 
and finallv. 
D-^p- )  - + C2/Nc) -mir -  [Ti + T. + T, + 7^] 
^ /2 '  
T ,  =  81'"-
[ tub  + mo-)  
To =  Ai{mB+Tno- ) -
O O 
p-m-g  
{ tubED'  -2 + 
Tz  =  4.4? 
(ms + mo-) -
= 4.41.42 
Ejy .  Ep .  EpimBEp'  -  mj) , )  
- 1 (01)  
Similar expressions can also be written down for the B DD decays. 
.-\.s in Ref. [58] we will include the effect of corrections to the factorization assumption by the 
replacement 
ai 
ai = Ci(/i) + (1 +c'(/<)) + 
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Table 5 Decay constants of the B and D mesons in MeV 
Decay Constants Our Results Lattice Results [59] 
Id 209 196(9)(14)(8) 
Id' 237 — 
Id. 213 211(7)(25)(ll) 
fo :  242 — 
Ib 155 166(ll)(28)(14) 
Ib' 164 — 
The nonfactorizable corrections £^[n) and are defined in Ref. [58] and may be process depen­
dent. We will, however, treat ai as a process independent free parameter that we will fit to data. 
Renormalization Group Equation (RGE) analysis suggests that ai ~ I + 0(L/.'V^-). 
In previous sections [15. 16], a covariant reduction of the Bethe -Salpeter equation (BSE) was used 
to calculate the Isgur-VVise function. The BSE was solved numerically and the parameters appearing 
in it (the quark masses, string tension and the running coupling strength for the one gluon exchange) 
were determined by fitting the calculated spectrum to the observed masses of more than 40 mesons 
(reduction B in Table 1). The resulting mass spectrum of the analysis was found to agree very well 
with the e.xperimental data. Once the parameters of the model were fixed, the meson wavefunction 
could be calculated from the BSE. This wavefunction was used to calculate the Isgur-VVise function and 
determine V^b [15]. 
In our present, approach we evaluate the decay consLants, the form factors for the semiieptonic decays 
B —> D'lu and B Dlu with the effective current operator defined in Eq. (51) treating a of Eq. (52) 
as an adjustable parameter. The value of a is fixed by fitting the leptonic decay constants fg. fo - and 
Id, • VVe find a = O.lG'eV'"^ provides a good fit and use this value in all the calculations in this section. 
We present our results for the decay constants of the heavy mesons in Table 5. For the sake of 
comparison we also show lattice calculations of the decay constants. The errors in the second column 
of the Table 5 are, respectively, (I) the statistical errors: (2) the systematic errors of changing fitting 
ranges, as well as other errors within the quenched approximations; and (.3) the quenching error. The 
results in Table 5 show that our calculated decay constants are similar to the lattice results. 
On the other hand, our calculation for the decay constants of the light mesons tt. K etc are not in 
good agreement with the experimental results. In fact, the light meson decay constants are larger than 
experiment by a factor of 2. 
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[n Figure 17 we show the form factors Fq, V, .4o, .-li, and as a function of q- .  [n Figure 18 we 
show a plot of the differential decay rate for B -)• D'lu. We obtain a good agreement with the shape 
of the experimental data [51, 52] and extract IV'cbl = 0.039 ± 0.002. This is within the range of the 
presently accepted values for |i;6i [53]. 
For the decay B Dl i> .  in Figure 19 we show a plot of F(u;)|l'c6| versus jj where the data points 
are taken from measurements reported in Ref. [51]. The variable u; = {M\ + .V/^ — 
where </" is the invariant mass squared of the lepton neutrino system. We extract |i;.b| = 0.037 ±0.004 
by a fit to the data in Figure 19. 
Note that the values of V'cb extracted from the two different experiments are consistent with cach 
other. We note that our value of Vet is larger than our previous treatment (previous section) [16] and 
this is primarily due to our accounting for the previously neglected role of the higher Fock states. 
.\s a further test of our formalism we present our calculations of the nonleptonic decays of the B 
meson to DD and DK(Tr) final states. Experimental values of some of the decays are already available 
and new results are expected soon. We present our results in Table 6. The values of the light decay 
constants used in our calculations are /- = l30MeV. = 159 MeV. = '214 .VfeV and fp = 208 
•VleV. The parameter oi calculated on the basis of a fit has the value 0.88 which is close to 1 as 
is expected from RGE analysis which gives av ~ I +0(l/iV^) suggesting a value for ai in the range 
0.9- 1.1 
From Table 6 we find a good agreement of our calculation with data for the D'T7(p)  final states. 
Our results for the DK final states are quite similar to those in Ref. [58]. This continues to bo true for 
the DD and D° D~ final states. Our results for D"^ D~ and D° D~ final states are somewhat smaller 
than the central values from experiment though the measurements have large errors. 
Combining the experimental errors in quadrature the difference between theory and e.xperiment 
is less than l.5cr in all cases but the theory predictions are systematically lower for these cases. It 
appears that as we increase the mass of the decay products, as in the DD final slates, and decrease 
their kinetic energy the expected deterioration of the factorization approximation may be showing 
up through a systematic difference between theory and experiment. This motivates future efforts to 
examine corrections to the factorization approximation [58]. We have resisted the temptation to allow 
ai to have a process dependence even though two values for ai would yield an e.xcellent description of 
the known nonleptonic decay rates. 
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Figure 17 The calculated form factors FQ, Fi ,  V .  .AQ, .4I, and .42 as a function 
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-with QCD correction (Veb=0.039) 
•without QCD correction (Veb=0.037) -
J  I  L J I I I 1 1 I \ I  I  I ^ I  L 
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10 
Figure 18 The differential decay rate for B —r D ' l i>  with and without the QCD 
correction, together with the corresponding values of I'cb-
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Figure 19 F(u;)|V'c6| versus w for 6 —>• Dlu .  
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Table 6 Nonleptonic decay rates for B meson 
Process Our Results Neubert-Stech [58] E.Kpt [60] 
fio D+;r- 0.345 0.300 0.310(0.040)(0.020) 
B° -+ D'+TT- 0.331 0.290 0.280(0.040)(0.010) 
B° D+p- 0.799 0.750 0.840(0.160)(0.070) 
gO _4. D'  +  p - 0.897 0.850 0.730(0.150)(0.030) 
B° D+k" 0.26 0.20 — 
B° ->• D-+k- 0.24 0.20 — 
B° ->• D+K-- 0.41 0.40 
— 
B° -> D'+K— 0.49 0.50 — 
B° D+D- 0.31 0.40 — 
B° D-+D- 0.22 0.30 — 
S° D+D— 0.27 0.30 — 
B° -»• D'+D— 0.65 0.80 — 
B° D+D J  0.626 1.030 0.740(0.22)(0.18) 
BO D-+D7 0.420 0.700 0.94(0.24) (0.23) 
B° D+D'- 0.514 0.950 1.140(0.42)(0.28) 
B° D-+D;- 1.35 2.450 2.0f0.54)f0.05) 
B-  _> D°D- 0.33 0.40 — 
B" O'^D- 0.210 0.30 — 
S- ^  D°D" 0.27 0.40 — 
B-  -> D-°D— 0.64 0.90 — 
B-  D°  D- 0.829 1.090 l.360(0.280){0.330) 
B-  D'°D- 0.552 0.750 0.940(0.310(0.23) 
B- -> D°D;- 0.696 1.020 1.180(0.36)(0.29) 
B-  D'°D;- 1.830 2.610 2.700(0.810)(0.660) 
57 
In conclusion for this section, we have presented the calculation of form factors and differential 
decay rates in S -+ D[D']lu transitions in a Bethe-Salpeter model for mesons. The parameters of 
the bound state model were fixed from the spectroscopy of the hadrons. The effects of higher Fock 
states in the hadron state were included in the definition of effective current operators. simple ansatz 
connecting the effective current operator to the actual current operator was used involving only one 
parameter. After adjusting this parameter to fit certain decay constants (/s, /q. and fo,)- "'e found 
good agreement with data and extracted = 0.039±0.002 from B -¥ D'lu and Vcb = 0.037±0.004 
from B —> Dlu decays. Calculations of the decay constants of the B and D mesons were also performed 
with results that are similar to lattice results. Finally, the form factors were used to evaluate the 
nonleptonic B —¥ Dir(f\) and B —>• DD(D,) decays in the factorization approximation and good 
agreement was obtained with data and results from other approaches. 
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CHIRAL SYMMETRY AND HYPERON DECAYS 
We have seen how heavy quark symmetry has been used to reduce the hadronic uncertainty in 
heavy meson decays and to extract some parameters of the standard model liice 1^6- Chiral symmetry 
will be used in this chapter to study hyperon decays. Chiral symmetry arises because the quark 
masses 171^. rrid, and m, are much less than \qcd- For massless quarks the QCD Lagrangian has 
X '(3)r. that is. the left and right chirality states do not mi.x and the Lagrangian is invariant 
under SL'{li) transformations. This symmetry leads to the conservation of the chiral vector and a.xial 
vector currents, and the multiplet structures of the spectrum of the theory. Indeed we observe l/2~ 
meson octet, l/'i"*" baryon octet, and li/2'^ baryon decuplet. However we do not observe degenerate 
opposite parity multiplets. This problem has been solved by assuming that the axial symmetry is 
spontaneously broken, .\ccording to Goldstone's theorem, when a continuous symmetry is broken there 
must be generated a massless boson having the quantum numbers of the broken generator, in this case 
the pseudo-scalar meson. Since the quarks are not massless. chiral symmetry is also explicitly broken 
and the Goldstone boson acquires mass related to the quark masses. 
Chiral perturbation theory (\ PT) is an effective theory obeying the global chiral symmetry and chiral 
symmetry breaking of QCD. The strong interactions of the pseudo-Goldstone boson fields are described 
by writing the most general Lagrangian consistent with spontaneously broken ^ The 
Goldstone bosons are derivatively coupled and \ PT has an expansion in energy. It also has an expansion 
in the quark mass matrix. 
Baryon interactions with the Goldstone bosons can also be described using \PT. Strong, electro­
magnetic and weak interactions of the 1/2'*" baryon octet and 3/2+ baryon decuplet have been studied 
in this approach. Since the derivative expansion of the chiral Lagrangian for baryons may be ques­
tioned due to the large baryon masses, the heavy baryon chiral perturbation theory (HB\PT) has been 
developed, where the baryon mass term disappears from the Lagrangian. and we have a heavy baryon 
expansion in the baryon mass I/Mb- \PT is discussed in Ref. [1] and recent developments are reviewed 
in Ref. [61]. 
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In this chapter hyperon nonieptonic decays are studied within the framework of the HB\PT. Both 
the A/ = 1/2 of the octet and A/ = 3/2 of the 27-pIet contributions are calculated to one loop 
and compared with the previously calculated AI = 1/2 of the octet results [62. 63], We discuss the 
convergence of the vPT for S-wave and P-wave amplitudes, and compare the theoretical computation 
with experimental results [64]. 
Chiral Lagrangian for hyperon nonieptonic decays 
In \PT the pseudo-Goldstone boson fields are incorporated via the matrix 
/ \ /2  +  q / \ /E  TT"'" A'"'" ^ 
= ;^  - -  - - ° l s /2  +  T, ly /6  
^  K~  f \ °  -2q / \ /E  I  
The fields S and ^ are defined in terms of 0 
(62) 
= e.xp(/2o//:r) i  = e.Kp(/o//s-) 
S7x/2 + .V\/^ 
The baryon octet is introduced via the matrix 
( 
B =  
\ 
-S7x/2 + .V/x/^ n 
H" -2.V/\/6 
(64) 
The baryon dccuplct is included by the fully syiuuietric Rariia-Schwinger field T'^ with three indices. 
The components of this field are (suppressing the Lorentz index) 
Tnv  = A++ . 
1^13 — 
1^12 — 
1 \ + 
T^22  — 1 A" 
I V" + 
^3 
T' 1 V"Q 
^'53 - 76-^ • 
T — -L •=• 
' 223 — — 
12  
1 —0 
^3-
^223 ~ 
T222  -
T  — A- -
 ^233 — — 
I —• -
>/3-
3^33 — (65) 
Under SU(3) i  x  SU(3){ t  these fields transform as 
S-)-
B -)• UBU\ 
where U is defined by the transformation law of 
 ^ -I-
T -)• UUUT 
(66)  
(67) 
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The \PT has a power series expansion in derivative and a chiral symmetry breaking mass matrix 
expansion. Higher dimension operators are suppressed by powers of A/J/A". where .V/^ is the I\ or i] 
mass and ~ I GeV. The derivative operators acting on baryons are not suppressed since A/b/-^v ~ 
0(1), where Mb is the baryon mass. 
The Heavy Baryon Chiral Perturbation Theory (HB^PT) [65, 66] uses that fact that the momentum 
exchange between baryons by pion exchange is small compared to the baryon mass, so the baryon 
velocity is effectively conserved. We can write the baryon momentum as 
p "  =  A / b i . " ( 6 8 )  
where u • k Mb is proportional to the amount by which the baryon is off shell. 
The effective theory can be written in terms of the fields Bv and with a definite velocity r'' 
which are related to the original fields by 
=e.Kp'-^^°''''  B(x)  
T^^ (x )  =exp'-^^°''"'r"(x) (69) 
These velocity dependent fields satisfy a modified Dirac equation 
v d B , = Q .  v - d T i ; = 0  (70) 
which no longer has the mass term or Dirac 7 matrices. The Dirac structure of the effective theory 
simplifies considerably, defining the projection operators. 
and noting that 
B, = P+B, (72) 
we can write the effective theory using and S!^ where the spin operator 
(73) 
and obeys the relations 
S  • V  =  0, 5- = - Qnu) .  [•S',1-'^''] = (74) 
The Dirac bilinear reduces to 
Bjf,B = v^BB, B~f5B = Q. BjftfsB ='IBS^^B 
Ba'"'B = 2€'""'^VcBS0B, B = -lilv^BS^B - v^BS^B) (75) 
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The lowest order chiral Lagrangian for octet and decuplet baryons in the heavy baryon formalism 
is given by [65. 66] 
C , t r o n , j  =  ITtB, (vV)B, + 2  DUt B, si;  F T r  B,  
-  i f j '  ( v  • V) T,^ + c  .4;, r n  +  -m s., .4" 
Tr (76) 
The octet mass disappears in the heavy baryon formalism and the decuplet-octet mass difference may 
be treated as a perturbation. The vector and a.vial vector chiral currents are defined by 
-•l;. = (77) 
The covariant derivative, including the vector interactions of the octet, is given by 
'^n=dn + [V^,\ (78) 
The vector interactions of the decuplet and the axial vector interactions are given explicitly by (sup­
pressing the velocity and Loreatz indices) 
— i T ( v  •  A ) T  = — i { T i j k { v  •  A ) i i T i j k  +  f i j k ( u  •  A ) j t T i i f !  +  T i j k [ v  •  A ) k i T , j i }  (79) 
2 n f ( S  •  A ) T  =  - i n f i j k i S  •  A ) i i T m j k  (SO) 
C { f A B  +  B A T )  = C{€''''""(rijfc.4i„Sj„ + B i n A ^ j T . j u ] ]  (81) 
From the strong interaction Lagrangian it follows that the octet and the decuplet propagators are 
v • k' v •k 
where 
(8-2) 
pr  = Y ,  - ! )n -  (8:{) 
i  
is a polarization projector. The identities 
prpvi = -pt- pr^u = prv^ = o, pra^. = -2. 
PF"^Q _ E PIIF _ N — _LC'' C P'"' — _LC'' 
* V >^v i /  — « i- — ' t' ' ^ vn  — 3 ' ^ v  "  ^ v i /  ^x j  — 3*^ 1/ ' 
are useful for the computation of Feynman diagrams. 
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The weak interaction Lagrangian responsible for hyperon decays is 
GF . . 
CAS=I = SL){di-I^Ul) (85) 
This Lagrangian contains two flavor SU{'i) currents, one carrying / = 1/2 and one carrying / = I 
(3) : (8 0 8),„^^ = 8 ^  27 (86) 
I sosp in  : ^ -r ^ (87) 
where the symmetric product is taken because the two currents are members of the same octet. The 
singlet SU(?>) representation is e.xcluded because a \S = 1 interaction changes SU('.i) quantum numbers 
and hence cannot be a singlet. The weak Lagrangian then transforms under separate left-handed and 
right-handed chiral rotations as (St. Ir) and (27l. I/j). These symmetry properties holds regardless of 
the dynamics. 
Experimentally, the octet component dominates the 27 component in nonleptonic weak decays. This 
enhancement is called the \J = 1/2 rule. The octet AI = 1/2 weak Lagrangian responsible for the 
hyperon decays is given by [63] 
= /'rfTrS. } + hfTrB . .  B,] 
(88) 
where the matrix 
h  = 
0 0 0 
0 U I 
y 0 0 0 y 
18y) 
The term proportional to /i,- is higher order, but has been included because the coefficient /i,r is 
enhanced by more than an order of magnitude over its expected value based on dimensional analysis. 
This is the A/ = 1/2 enhancement. 
The 27-plet Af  = 3/2 weak Lagrangian responsible for the hyperon decays is given by [67] 
The nonvanishing components of the tensor are ^ = T^.'i = - 1/2. and ^ = 
Tli = -1/2. 
We will consider the exact SU( '2 )  x SU( '2]  symmetry, since we are interested in 5f'(3) violation. 
The up and down quark masses are set to zero and the quark mass matrix is proportional to m,. In 
this limit, the pion is massless and the rj mass is related to the K mass by 
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Hyperon nonleptonic decay amplitudes 
It is conventional to write the invariant matrix element for the decay 6, S/tt in the form 
M = GprnlUj^A^ + A^' i^)Ui  (91) 
Although Uf-fsUi is of the order I/Mb- is of order Mb. SO the P-wave matrix elements are not 
suppressed in the heavy baryon approach, where the matrix elements can be written as 
.W = (92) 
where k is the momentum of the outgoing pion and u is the two-component heavy baryon spinor. The 
relation between the conventional and the heavy baryon definitions of the P-wave amplitudes is 
Seven hyperon nonleptonic decays are measurable separately. E"*" —>• p-° .  D" —>• n-". 
A —>• p—~.  A mv° .  H" —>• AN-°. and E~ —)• Att". Isospin symmetry implies three relations among the 
seven amplitudes. For the octet \I = 1/2 amplitudes these symmetry relations are 
-+ n7r+) - ^/2A{^+ -)• pTr°)-A(I.- ^ n-") = 0 
^(.\ pT~) + \/2>t(.V —)• njr") = 0 
 ^ -)- Air ) = 0 (94) 
\/2 
For the 27-plet A/ = 3/2 amplitudes these symmetry relations are 
nn-+) - v/2>l(i:+ -+ p7r°) -f- 2A(E- ^ n^") = 0 
>l(.\ -i- pTT~) — •^>1(A -i- n7r°) = 0 
>t(H°-»-A;r'')-\/2>t(E- ^•A;r-) = 0 (95) 
The isospin symmetry relations apply to the S- and P-wave amplitudes separately. We will take the 
four independent amplitudes as S"*" —>• . E~ —¥ mi~, A pir~. and E~ —>• A-~. 
We calculate the S- and P-wave hyperon nonleptonic amplitudes to one loop using the strong La­
grangian Eq. (76) and the weak Lagrangians Eqs. (88,90). Leading corrections to the hyperon decay 
amplitudes are calculable because they depend nonanalytically upon the strange quark mass, and there­
fore cannot arise from terms in the chiral Lagrangian which contain additional derivatives or insertions 
of the quark mass matrix. The leading nonanalytic correction depends logarithmically on the strange 
quark  mass  a s  m,  Inm, .  
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The one loop S- and P-wave amplitudes can be written in the form 
^ (Q + (.^ - (96) 
where q is the tree-level amplitude. A = A,-/ + describe the baryon and the pion wave function 
renormalization. 
VZ^=V+X^-^^_\a(^rk/^L-] (97) 
and /i denotes the contribution from the one-loop graphs, with internal octet and decuplet lines. The 
decay amplitudes depends implicitly upon renormalization of the pion decay constant; / is related to 
the physical pion decay constant /a- ?s 93 .VIeV by 
A = / (l - ^2-[^ //'')) (98) 
The renormalization scale dependence of the chiral logarithmic term is compensated by the ^-dependence 
of the uncalculable 0(m,) contribution. 
Figure 20 Tree level S-wave diagram. Solid lines denote octet barj'ons and 
dashed lines denote mesons. \ square denotes a weak verte.x 
Figure 20 shows the Feynman diagram for the S-wave. the weak verte.\ is derived from Eq. (88) for 
the octet A/ = 1/2 and Eq. (90) for the 27-plet AI = 3/2. 
For the octet A/ = 1/2 S-wave. the tree level coefficients are 
Ov-r, = -hd + hj 
« A p  =  
"i-A = 
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Figure 21 Tree level P-wave diagrams. Solid lines denote octet baryons and 
dashed lines denote mesons. A square denotes a weak vertex, and a 
circle denotes a strong vertex 
Figure 21 shows the Feynman diagrams for the P-wave amplitudes, the baryon pole diagrams. The 
strong vertex is derived from the Eq. (76) and the weak verte.x is derived from Eq. (88) for the octet 
A/ = 1/2 and Eq. (90) for the 27-plet AI = 3/2. 
For the octet A/ = 1/2 P-wave, the tree level coefficients are 
".Cp = ^ [ 2 D { h i - h f ] / [ M . - M ! , )  +  { D  +  F ) { h d  +  3 h f  )  /(.\/, - .\/v)] 
« H - A  =  ^ [ - 2 D ( / . r f  +  / « / ) / ( . V / s - . V / r ) - ( D - F ) ( / „ - : i / , ; ) / ( . V / ^ - . U , ) ]  ( 1 0 0 )  
For the S-wave amplitudes, we h a v e  four amplitudes in terms of three parameters. This allows for 
an i'f '(3) symmetry relation, the Lee-Sugawara relation 
(53 —¥ n ix  ) — (.'V —^ pii ) — 2>t'^ (.:; —^ .V7r) = 0 (101) 
Since the P-wave coefficients are given in terms of the inverse of the baryon mass difference, no simple 
relation can be written between the P-wave amplitudes. Since the P-wave amplitudes have the inverse 
of baryon mass differences, one may naively think that they are of the order 0{l/m,) relative to the 
S-wave amplitudes. The explicit factor of (k • Sv) in Eq. (92) compensates for that, since k ~ m,. The 
P-wave contribution to the total amplitude is of order unity in the m, expansion. Both the S-wave and 
the  P-wave  ampl i tudes  o f  E~  -¥  Att"  can  be  ob ta ined  f rom the  cor respond ing  ampl i tudes  o f  .V p-~  
by changing the variables : M-= —¥ A/,v. hj —hj and F -¥ —F [62]. 
[n Figures 22 and 23 we show the one loop diagrams contributing to the S-wave decay amplitudes. 
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Figure 22 One loop S-wave diagrams, octet contribution 
Figure 23 One loop S-wave diagrams, decuplet contribution. Double solid lines 
denote baryon decuplet. 
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For the octet A/ = 1/2 S-wave. the one loop coefficients are 
4+n = [-kDH.\h - M,v)]h. 
+ [i(:V/s - A/.v)]c'=/i, 
4 - n  =  [ { \ k - ^ F D - ^ F -  +  l D - ) h ^  +  ( l D ^ - + o D F + ^ _ F - - \ h ) h f ]  
+  [(i^ +  D -  +  |F^ - |FD)(A/s - A/,v) + ( I F D + \ D - ) { M ^  - M s )  
+ [-lh.C\ 
+ [-i(Ms -  -V^v) + §(Ma -  Ms) + i(:V/v. -  M,v)]c-/i .  
4 p  =  : j ^ [ { f D - - n F D  +  ^ _ F ^ - - \ k _ ) h u  +  a D - - r o F D + ' = ^ F - - ^ ) h f ' \  
-  ^P ' D ) ( . K y  -  M s )  +  ( - i D -  +  | F D ) ( A / s  -  M s )  
4 - x  =  ; } ^ [ i - T k + n F D + ^ F -  +  f D - ) h d  +  ( ^ - l 5 F D - l D -  - ^ = f F - ) h f ]  
/'TT 
+ 
+ 
7^ 
I 
7:? 
+ 7^ 
(-1 + IFD -\D-- - |F=)(A/H - A/A) + (-|FD - |0=)(A/s - A/A1 
hcCr\ 
(^(A/H - A/A) - |{A/s. - A/,0 - ^(A/H. - A/AIIC'/I. (102) 
There is no contribution proportional to hd.hf. or he at one loop to S-wave —)• n-'^. This is 
consistent with the fact that there is no counterterm for this decay at this order and hence the amplitude 
is /i-independent [62]. Notice also that the S-wave terms proportional to are different from Jenkins" 
rpsnlts Th^re are new contributions not proportional to the initial and final masa difference. These 
mass differences include even the decuplet masses. We could reproduce Jenkins" results [63] when we 
neglected the contribution coming from the last two diagrams in Figure 22 when the derivatives in the 
meson weak Lagrangian (third term in eq. (88)) are acting on the two internal mesons in the loop as 
the arrows show in Figure 24. 
Figure 24 Source of difference between our calculations and Jenkins" calcula­
tions. See text for explanation. 
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For the octet A/ = 1/2 P-wave. the one loop coefficients are (see Figures 25. and 26) 
+i^D^-^D + fF-D+^D^-F- f F3)/. /] /( .V/s -  .V/.v) 
[ { ^ D - F  +  ^ D -  ± F - D  -  +  (if  ^  +  50-F -  f  -  A F - D ) h j ] / { \ r ^  -  .U.v) 
(-i^V - iF-D + iiF^ + 
+  { f ^ - H  +  ^ D -  l F ) { k j  -  /./)]CV(.V/s - .V/:v) 
+ (-1^2^ - + ^ hj)]C-/(AU ~ .V/,V) 
(^7£ + |fD + |F)C=h, 
= [(IfF - f D=F - 3F=D)/Jd + (-llF + 5F-D + |D'-F + F ' ' ) h j ] / { M ^  -  M y )  
[(^D-F + -  iF-D -  pD^)/irf  + (i lD + 5DV -  f  -  4F-D)/«/]/ .Vrv -  A/.v) 
(^D -  ^ F+ + I D - F -  | |F=D)/i ,  
[-i/«cF + (-5|-« - §|D - f F)(/id - /i/)lC'V(-V^s - WV) 
[^h,D + -  |D -  iF)(/id + ;5/i/)lCV(A/A -  .VFv) 
•^xp = + 2F-D + 6D-F)hH + {^D - lOD^F - f - 2F-D)/i;]/(.\Aj - .\/.v) 
+ - HD - HF - f F-D + fiD^ - •^DV)/.^ 
( _ i l F -  i l D  -  f  D ^  +  i F - D -  f D - F + f F ^ ) / i / ] / ( . V / v - . V / . v )  
+ ^ [-^D - ^ F + |F^ + |F-'D + iD^F + 
+ ^ [|/icD + (^?^ + |D + |F)(/irf - V)]c'V(A/s - -V/.v) 
+;^[^-/jc(0 + F) + (gY?{ + |D + |F)(/irf + 3/i/) c-/(m\ - \[,\-) 
^l-A = + -T^ - 2F-D + 6D-F)hd + (^D+10D-F -fD"" - 2F-D)hfj/{M^ - .\[^) 
+ ^ [ill''' + l^.D-\^F+fF-D-I^D^-^D^-F)h, 
( + T^ - tD + f + f - f - .V/A) 
+^[-^Z? + MF - + |F-D - iD-F + iD^] A. 
+^^fh,d + (-^n -Id- lf)[h, + hj)]c-/(\r^ - m^) 
+ ^ [ - h c ( D  - F )  +  C i n - ' ^ D -  2 F ) { h ,  -  3 h f ) ] c-/(m^ - .V/,v) 
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Figure 25 One loop P-wave diagrams, octet contribution 
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Figure 26 One loop P-wave diagrams, decuplet contribution 
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Notice that the last line in each amplitude is different from Jenkins' result [63]. 
For the 27-plet A/ = 3/2 S-wave. the tree level coefficients are 
s 3 ®E+n 
— 2' 
II 
= 0 
4-A = 0 
Here also, the vanishing of the A —)• pTi~ and E~ —»• ATT" can be explained by the fact that there 
are no counterterms for these decay channels at this order. 
For the 27-plet A/ = 3/2 P-wave. the tree level coefficients are 
= f/(Wv-:Vrv)d:>v 
«S-n = (- |F+iD)/(Ws-.V/.v),J27 
= +^D/(A/s-AA.v)Jo, 
«|-A = M-s)J27 (lOo) 
The P-wave amplitudes of H~ —> Aff" can be obtained from the corresponding amplitudes of A —>• 
pii~ by changing the variables : M-= —> .V/,v, and F -»• —F [62], 
For the 27-plet A/ = 3/2 S-wave. the one loop coefficients are 
'-'s+n — 
iS _ 
jS _ 
-
M- V = 
(-f + |D=-}-3DF-|F^)J3, 
-f [—(3D" -F 9DF)(m^^ - niy) — [ID' — 9DF)(m^ — my)] 'fi7 
— 5 C'Snr + [§("1^ — m,v) — 2(m^ — my) + rn^. — m,v C' 727 
(f§ - |D^-2DF + |F^)/i,, 
-I- [(—3 — D' + ['2DF — 9F")(rnv — m y )  +  ( 2 D '  +  6 D F ) ( m ^  —  rriy)] 707 
+ 9 ^'"<^27 + ~ "^.v) + 3("'A - "'.v) - 727 
^(9-1- I3D= -I- 18DF-f 27F- - fC") (m,v - m,v)727 
^(9-1- L3D- - l8DF-f 27F- + (m^ - mA)727 (106) 
1 2  
For the 27-plet A/ = 3/2 P-wave. the one loop coefficients are 
C - J n r  
J-r 
nir — m 
.V 
c -  S.,-
rtix- — rriv 
•^S-a 
+ [=§« + (iD + K) 
+  [ i D ^  +  l D - F + D F - - F 3  -  +  1  D  +  f  F ) c - j - r . T  
\ ^ F  -  |D-F-2DF- + 2F^1 ^  
L J — rn Y 
+ [i^ - ifo + iF]-^^^ -+ j 
— my •' njv — m, 
j'' 
•^Ap 
+  [ i ( D - F )  -  - ^ D - F - S D F - + : i F ^  +  ( ^ n  +  
^ [f| D - fD^- -ID-F + 2DF=j 
+ ^ [AK-50+3f 
727 
m V ^ 
+ 
m-^ — m — m 
•^l-A = 
+ ^[-iD-F + |D^ + 9D-F + 5DF= + 3F^ - (^^ + f O + 4F)C'-] 7: 
[-f§ D + f -2D-F- 2DF-] 
m— — mv 
+ 
+ 
7s n  +  \ D  +  \ F  
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C-3.~ 
m-= — mv 
C'-DrfoT 
7^ m— — 
- ^ D  +  F +  § D ^ - 9 D - F  +  o D F -  -  3 F ^  -  ( |  D  -  5  F ) C ' - ]  - , . 7  (lOT) 
The baryon wavefunction renormalization coefficients are given by 
As.v = ffD--|DF + ^F- + ||c'-
Aa.v = fiD=-|DF + f F- + fc'-
AHA = f4£'' + tOF + f F- + |fC- 108) 
Where A,j = j(A, + \ j )  and A, and Aj are given in Ref. [66]. Figure 27 shows the Feynman diagrams 
for the octet and decuplet contributions to the baryon wavefunction renormalization. 
Figure 27 Wavefunction renormalization for baryons 
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Figure 28 shows the Feynman diagram for the meson wavefunction renormalization. The meson 
wavefunction renormalization is 
Figure 28 Wavefunction renormalization for mesons 
We now turn to the fitting of the experimental results. We follow the standard notation [64], where the 
amplitudes s and p are defined by 
p = -\k\AP (109) 
where —1^| is given by 
1 /2  
-1^1  =  +  ^ h) -  -  "4]  [{Mi  -  Mf) -  -  ml  (110) 
Table 7 shows the experimental results for the A/ = 1/2 S- and P-wave amplitudes. We %vill not discuss 
the fitting of the AI = 3/2 amplitudes in view of the large uncertainty of the currrent experimental 
results [b4]. There is an opportunity to improve our knowledge of some of these amplitudes in E871. 
the experiment currently searching for CP violation in hyperon decays at Fermilab [68]. 
Table 7 Experimental data for S-wave and P-wave amplitudes for A/ = 1/2 
Decay s P 
i:+ -)• n;r+ 0.06±0.0l l.8I±0.0l 
S"*" p7r° 
-1.43±0.05 1.17±0.07 
i;~ —¥ m:~ l.88±0.01 -0.06±0.01 
A —>• pn~ l.42±0.01 0.52±0.02 
A —>• n7r° 
-l.04±0.01 -0.39±0.04 
E~ —)• At" -1.98±0.01 0.48±0.02 
E" -> ATT" l.o2±0.02 -0.33±0.02 
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The parameter /i^ is well measured from K decays and is equal to 10.69 in units of Gpni^^y/l. We 
follow Jenkins [63] and take D = 0.61, F = 0.40. C = 1.6. and H = —1.9. Tables 8 and 9 show the 
fitting of the A/ = 1/2 S-wave and P-wave amplitudes. The parameters hj, hj. and are given in 
units of of \/2/^. 
From Tables 8 and 9. we notice that the S-wave can be fitted well with the experimental data, but the 
P-wave results are not satisfactory. The decuplet contributions are larger than the octet contributions 
in both the S-wave and the P-wave. The loop contibutions are smaller than the tree le%'el contributions 
for the S-wave. which may expalain the convergence in this case. Conversely, the loop contributions 
are larger than the tree level contributions for the P-wave. The suppression of the tree level P-wave 
amplitudes, Eq. (100), due to the cancellation between the two terms in the amplitudes may be the 
cause of this problem, which some view as failure of \PT for hyperon decays [62]. In both tables 
^theory — ^tree '^^toop * •^^loop — *^^octet '^^decupltt 
Table 8 Fitting results for A/ = 1/2 S-wave amplitudes for parameter values 
hj = -0.66. hf = 0.75, and he = 4.0 
Decay ^expt ^theory ^tree AS/OQP A^ocf •^^decuplet 
H"*" —> njr'*' 0.06 -0.09 0.00 -0.09 0.13 -0.22 
i:+ -)• 
-1.43 -1.02 -1.12 0.10 0.02 0.08 
mr~ 1.88 1.35 1.58 -0.23 0.10 -0.33 
A —^ p~ 1.42 1.46 0.73 0.73 0.20 0.53 
\ —> riff" -1.04 -1.03 -0.51 -n..52 -0 14 -0 3S 
—)• .Vjt" 
-1.98 -1.69 -l.:}3 -0.36 -0.06 -0.30 
—0 1.52 1.19 0.94 0.25 0.04 0.2 L 
Table 9 Fitting results for A/ = 1/2 P-wave amplitudes using the same pa­
rameter values 
Decay ^expt ^theory Strec Ajj/oop As^cf ef As^cctip/ef 
1.81 0.39 -0.32 0.71 -0.01 0.72 
—>• pn° 1.17 -0.17 -0.17 0.00 -0.06 0.06 
—¥ HTT" -0.06 0.66 -0.08 0.74 0.07 0.67 
A —)• pTr~ 0.52 -0.68 -0.11 -0.57 -0.15 -0.42 
A —f nir° 
-0.39 0.49 0.08 0.41 0.10 0.31 
E~ - y  \K ~ 0.48 1.42 -0.14 1.56 0.03 1.53 
-)• ATT" 
-0.33 -0.98 0.09 -1.07 -0.02 -1.05 
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CP VIOLATION IN B DECAYS FROM ANOMALOUS tbW 
INTERACTIONS 
The top quark is significantly heavier than the other five quarks. This has generated speculation 
that perhaps it plays a fundamental role in the breaking of electroweak symmetry [69. 70]. .VIodels that 
incorporate this idea contain four-fermion operators that involve the third generation of quarks and 
perhaps e.xotic new fermions such as techniquarks. 
.-Vt energy scales near the W mass, this type of new theory gives rise to interactions between the 
t and b quarks and the electroweak gauge bosons and Z that may deviate significantly from their 
standard model values. Such interactions are conveniently described by an effective Lagrangian [71]. 
In this note, we study the effects of the simplest CP-violating coupling in the effective Lagrangian to 
CP-odd observables in B decays. The CP conserving indirect effects of this coupling have been studied 
before in the literature [72. 73]. There are also studies of direct measurements of the IbW coupling for 
future Tevatron e.xperiments [74]. CP violating interactions beyond the standard model have also been 
studied in detail for B decays [75]. However, the specific scenario that we discuss here has not been 
studied previously, to our knowledge. 
High energy effective Lagrangian 
We assume that whatever is responsible for generating the nonstandard model top quark couplings 
occurs at a high energy scale A, perhaps a few TeV. We also assume that this physics is responsible 
for the breaking of electro^veak symmetry and that there is no light Higgs boson. Therefore, we use a 
nonlinear effective Lagrangian to describe the physics at the W scale. Furthermore, in accordance with 
the prejudice that it is only the top-quark that plays a role in the new physics, we consider only the 
couplings of top and bottom quarks to W and Z gauge bosons. 
To write the effective Lagrangian that describes the interactions of fermions to the electroweak gauge 
bosons we follow the formalism of Peccei and Zhang [71]. We consider only the lowest order couplings 
that can violate CP, and we do not include dipole moment type couplings of the top to the Z since 
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these have been studied before in the literature [76]. In unitary gauge we have: 
( I I I )  
The new interaction effects are parameterized by the real couplings ki_ and kr and the new phases 
OL.R- These phases contain the information on CP violation that may exist in the new theory. For 
simplicity we assume that the form Eq. (Ill) occurs only in the IbW coupling ignoring any possible 
effects on and tdW due to CKM mixing. The existing bounds on kl,r depend on naturalness 
assumptions, so they are not rigorous [73]. To calibrate the sensitivity of the observables discussed in 
this paper, we will use the bounds |KR1 < 0.01 from 6 si and [72], |K:/.1 < 0.2; obtained by setting 
any other anomalous coupling to zero in the results of Ref. [73]. There are no bounds at present on the 
phases O/,,/?. 
Eq. (Ill) contributes to observables in B  decays at one-loop order. However, we will not include in 
our calculation any additional effective operators that may be needed in a complete effective field theory 
to act as counterterms at one-loop. Instead we resort to estimating the order of magnitude of the effects 
by keeping either the one-loop contribution from Eq. (Ill) when it is finite: or the leading nonanalytic 
term when it is divergent [77]. Therefore, our results will depend on the naturalness assumption that 
contributions from different couplings do not cancel each other. This is similar in spirit to the bounds 
that are placed on new gauge boson self interactions from LEP observables [78]. 
Low energy efFective interactions 
In this section we present the results of the one-loop order contributions of Eq. (Ill) to a low 
energy effective Lagrangian appropriate for the study of B decays. Two types of terms are generated 
corresponding to effective |A61 =1,2 transitions. 
For the |A6| = 2 transition we compute the usual box diagrams but with the tbW coupling modified 
as indicated in Eq. (III). In this case our result is divergent because the new interaction explicitly 
violates Glashow Iliopoulos .Maiani (GIM) mechanism. We keep the leading nonanalytic term: 
We use D  to denote either a strange or down quark and, for comparison, we have included the standard 
H , f j  =  ^/f(x,) - log(^)) D f ^ P t b D r P L b  
246-'^" log(-^) DPRbDPnb ( 1 1 2 )  
r / 
model result as the first term. With Xi = we have [79]: 
LT,. ^ x^logxt , xf - Hit +4 
— -7 H 77:;— (ll-i) 2(j:t-l)3 4(J:( - 1)-
For the |A6| = 1 transition we compute the standard gluonic penguin but use the complete inter­
action of Eq. (Ill) for the tbW coupling. After we include the factors corresponding to wavefunction 
renormalization for the external fermions. we obtain the finite result: 
F L f f  =  ^ F l { ^ , )  -h ^ i/A"-/"'/ 
+ ^Fn{xt)Kiie'''"mtDcx^''X''PRbGl^^+h.c. (114) 
where, again, D  stands for either a strange or down quark, and the form factors are: 
. . (9xr - I6xt-I-4) ^ (18- llxt-jrr) Fii -CT) = -log(xt) — - + XF 
6(1-x,)^ I2(l-x,)^ 
Fni-Ct) = 3 i°s<^'i(rr7y-^-2(L-^,P + 6 (115) 
The first term, independent of k [^, corresponds to the standard model result and. not surprisingly. ha.s 
the same form factor as the new left-handed coupling. The additional constant term. 1/9. is present 
because the new interaction does not have a GIM mechanism. For the same reason there is the term 
I/() in F/f. It is interesting to note the potential for very large effects from the term, where there is 
an enhancement factor of mt/mi, ~ 35 compared to the corresponding operator in the standard model. 
This large factor can compensate for the smallness of KR in the same way as it does in 6 —>• s-. transitions 
[72]. 
CP violation in neutral B decays 
With the results of the previous section it is straightforward to estimate the effects of the new 
phases in the CP asymmetries that will be studied in the B factories. The general analysis of these 
CP asymmetries has been reviewed in Ref. [13]. 
The simplest way to estimate the potential size of the effect due to the new phases is to look at 
processes with mixing induced CP violation that are dominated by a tree-level amplitude. In this case 
the quantity of interest is (in the standard notation of [13]): 
K P J B O  W D \ F J  
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where the first factor corresponds to the standard model value and the second factor is the modification 
due to the new phases: 
F= H ( x t )  -  K c e " ^ ' -  log(-^) (ll~) 
The factor o/S{XfB/tnb)' for the right handed coupling takes into account the difference in the hadronic 
matrix elements using factorization and vacuum insertion. .Vumerically. we can use nt, = I7o G'el". 
and fi = I TeV to find: 
ss 1 +/[.OKf, sinot + 8/>:flsin(20fi)] = I +/©Box (118) 
Experimental constraints on KR from 6 —>• 57 [72] make its contribution much smaller than that of K;. 
in Eq. (118) so we will drop it. 
Since we assumed that the only new interaction is of the form shown in Eq. (Ill), there is no 
corresponding modification for mixing in the K or D systems. Strictly speaking. Oboi- may have a 
different value for Bd and B, because, in principle, the two amplitudes may have different counterterms. 
In our appro.ximation we are ignoring the counterterms and keeping only the leading logarithm so we 
end up with the same 0Bor for Bd and B,. 
This is sufficient to study decay modes with tree-level dominated amplitudes (or after penguin effects 
are disentangled with an isospin analysis [80]). For example, the modes Bd —>• ^l\, and Bd —>• 
could be used to measure the angles 3  and a [13].^ With our new phases they would really metisure 
the combinations: 
X { B d - ^ ^ K , )  =  
A(Sd-)• ;r+n--) = (119) 
.-Vssuming that the phases a and ^ are known with small theoretical uncertainties, for example from 
better measurements of V'ub and A.'"'" Ti'^uV. one can use the B factory measurements of a and J 
to look for physics beyond the standard model. The BaBar technical design report quotes achievable 
errors on the measurements of a and of 8.5% and 5.9% respectively [82]. 
The mode Bd —> is free of hadronic uncertainties both in the standard model [13], and in 
our model. For hadronic uncertainties to appear in this mode, we would have to enhance penguin 
amplitudes by factors of at least 20. This is impossible for values of kl and kr that make sense in 
the context that we are discussing. Therefore, in the scenario in which 3 is known and the B factory 
' .-Vlternatively one could use the modes B Kp to measure o [81]. 
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measures (,J — OBorl'i) with a 5.9% accuracy we can place the bound; 
Ki sinoL :S 0.03 (1-20) 
This is a very significant constraint since current CP conserving data allows to be as large as 
The mode Bd has hadronic uncertainties that may be resolved e.\perimentally by carrying 
out an isospin analysis [80]. .\ssuming that this isospin analysis is possible and that the standard model 
is correct, this mode will give a measurement of a. Our model for new physics does not introduce new 
A/ = 3/2 transitions, so the same isospin analysis would isolate the phase (a +<Z)sor/2)- Since the 
experimental accuracy in this mode is worse than that of the previous mode, it will not lead to belter 
bounds on K[_ sin (St- However, in our model the deviations in a and J are related as in Eq. (119) and. 
thus, the value of (Q + obotI'^) IS a prediction that could be tested. 
We should point out that a value of as large as 0.2 would change the B — B mi.ving amplitude 
with respect to its standard model value by about -50%. This is well within the current theoretical 
uncertainty in the standard model calculation due to the hadronic form factors f^Bg [83]. 
Decays in which penguin amplitudes are dominant offer the possibility to place bounds on K/jsin OR. 
For penguin dominated modes one would have (using the same values of nit and fj. as before and in the 
notation of [13]); 
The large numerical factor in front of KR is due to the m,/mh enhancement discussed earlier To 
actually calculate this number one would have to be able to compute the hadronic matri.x elements 
of the two operators in Eq. (114) and this is impossible at present. The number 90 follows from a 
simple dimensional analysis in which we compare the two operators, imagine the gluon splitting into a 
quark-anti quark pair and replace any quark or gluon momentum with a factor of Mb- In this case the 
term is less important so we drop it. 
The general analysis of CP asymmetries in B decays with new physics in the decay amplitudes 
has been carried out in Ref. [84]. For a case like ours, it is convenient to compare the asymmetry in 
Bd —>• ^K, with that in Bd . [n models that only have new CP violating phases in the mi.ving, 
the asymmetries in these two modes measure the same phase (/i +<)\v/i/) in the notation of Ref. [84]. 
(in our case 6\id = —<t>Boxl'i ^ —2.5Kt sinepi). With additional new phases in the decay amplitudes, 
the phase measured in Bd -+ remains the same-, whereas the one measured in Bd —> oK, (or any 
^ Unless penguins are enhanced by factors of 20 or more, but we argue this does not happen in our model. 
kl ~ 0.2 [73]. 
( 1 2 1 )  
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other b —»• sss mode) becomes (/i + ^ .Md + ^ OA) (again in the notation of Ref. [84]). From Eq. (121) we 
can read ofF the value 60a 3«£.sin<?t + 90/CRsin<pR. .\ssuming that the difference in the phases of 
b CCS and b —¥ sss modes can be measured to 10% one could place the bound: 
kr sin ijft < 0.001 (122) 
Even with the stringent bounds (of order a few percent) that 6 —r s-f places on AT/J [72]. this term can 
produce measurable corrections to CP asymmetries in penguin dominated modes. The bound in Eq. 
(122) is e.xtremely good, and would place constraints on models like one of .A.ppelquist and VVu [87] 
where /CRsino/j can be as large as 0.01. The characteristic pattern of asymmetries induced by our 
anomalous couplings is the same as that of models with an enhanced chromomagnetic dipole operator 
of Ref. [80] that are discussed in Ref. [84].^ 
In conclusion we have found that CP asymmetries in B decays are in principle sensitive to new CP 
violating phases in the tb^V interaction. This is theoretically interesting because models of electroweak 
symmetry breaking in which the top-quark plays a special role may give rise to this type of interactions. 
.A.ppelquist and VVu estimate in a technicolor model that K/jsinOR could be as large as O.Ol [87], which 
we have seen is large enough to be seen at the B factory. We have also seen that the B factory can place 
bounds on ki sin <pl of order a few percent and that these bounds are meaningful in light of the current 
bounds on k[_. Our result is phenomenologically interesting because the new CP violating effects could 
be large enough to distinguish them from standard model CP violation in future e.xperiments at a B 
factory. Finally, it is important to point out that the B factory are likely to be the only place where 
one can search for new CP violating phases of the type in Eq. (111). This is because the top rouples 
so dominantly to bottom, that in direct top production and decay the phases cancel out as they enter 
both the production and decay vertices. 
^It is difficult to be quantitative because we do not know how to calculate the necessar>' matrix elements, and because 
we don't yet know what will be the ultimate experimental accuracy. If we take KR ~ 0.01, our new interactions respect 
the CLEO bounds for 6 ->• sTr and for certain values of ij)/j they can produce direct CP violating asymmetries of order 
10% in modes where the standard model does not induce a sizable asymmetry such as B -*• oK. We thank .-V. Kagan 
who computed these numbers for us using his factorization model for the hadronic matrix elements [86], 
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CONCLUSIONS AND OUTLOOK 
VV'e have studied some aspects of hadron structures and decays using relativistic models and effective 
Lagrangians. In view of the lack of a fundamental theory for the nonperturbative problem of hadron 
structures, models proved to be useful in giving us some insight about hadron structures and decays. 
Effective Lagrangian formalism have frequently been used to study physics of and beyond the standard 
model. 
We have calculated the meson spectrum using a relativistic model based on reductions of Bethe-
Salpeter equation. The interaction we considered includes the short range one gluon exchange and the 
long range confinement interaction. We used an ansatz for the running of the strong coupling with 
the meson masses. We fitted 47 states ranging from a few hundred .VleV to a few GeV using seven 
parameters with root mean square deviation from e.xperimental data of 40-50 .MeV. 
We have used our model to study the medium effects on meson properties, which is very interesting 
in view of the construction of the relativistic heavy ion collider and the expectation of creating quark 
gluon plasma. We have studied the medium effects on the masses of certain mesons through the changes 
of the strength of the coiifiueiiieiit interaction by the medium. We have found that the hadromc decay 
channels of charmonium and <p mesons may close and the leptonic decay channels may be enhanced. 
We have also studied the radiative decays of charmonium in the medium and discussed the possibility 
of observing it experimentally. More studies which take into account the medium effects on the other 
parameters, like quark masses, and relate these effects to the standard parameters of the medium, 
namely, temperature and density are needed. 
We have used the wavefunctions we evaluated in chapter 2 to study B decays in chapter These 
decays are important because the CKM matrix element V^b may be extracted with reasonable accuracy 
in view of the development of the heavy quark symmetry and the heavy quark effective theory. We 
calculated the leptonic decay constants, the semileptonic decay form factors and used factorization to 
study nonleptonic B decays. We showed the consistency of our model with the heavy quark symmetry 
and used various experimental data to extract Vcb- This model may also be used to study other decays 
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and annihilation rates. 
Another approach for studying hadron interactions is effective Lagrangians. Chiral Perturbation 
Theory is considered as an effective Lagrangian for low energy QCD processes. It has also been u.sed to 
describe electromagnetic and weak interactions of the low energy spectrum of QCD. We have used heavy 
baryon chiral perturbation theory to study hyperon decays. Chiral perturbation theory is founded on 
chiral symmetry and the heavy baryon formulation is needed for improving the derivative e.xpansion of 
the baryon fields. We have evaluated the S-wave and the P-wave amplitudes for both the A/ = L/2 
of the octet and AI = 3/2 of the 27-plet to one loop. We have included the baryon decuplet in the 
internal lines. We compared our results with e.xperimental data and discussed the suppression of the P-
wave amplitudes and the convergence of chiral perturbation theory amplitudes for hyperon nonleptonic 
decays. 
We have studied CP violation from anomalous tbW coupling which arises in many version of models 
which describe physics beyond the standard model. CP violation is one of the least understood elements 
of the standard model, and anomalous tbW coupling may be sensitive to physics beyond the standard 
model, in view of the comparable mass of the top quark and gauge symmetry breaking scale. We have 
calculated the CP asymmetry for B decays resulting from this interaction and showed that the effect 
may be large enough to be seen by B factories. 
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